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Summary
New radio telescopes under development, will significantly enhance the ca-
pabilities of radio astronomy in the Southern Hemisphere. South Africa, in
particular, is actively involved in the development of a new array (MeerKAT)
as well as in the expansion of existing very long baseline interferometer arrays
in the south. Participation in these new developments demands a thorough
understanding of radio astronomy techniques, and data analysis, and this
thesis focusses on two projects with the aim of gaining such experience.
The Southern Hemisphere very long baselines array is not well served
with calibrator sources and there are significant gaps in the present calibrator
distribution on the sky. An adequately dense, well distributed, set of strong,
compact calibrator or reference sources is needed. With this in mind, obser-
vations using the Southern Hemisphere long baseline array were conducted to
investigate a sample of candidate calibrator sources. The compactness of the
sources was investigated and new potential calibrators have been identified.
Single antenna radio spectroscopy of OH masers has identified sources
of 1720 MHz emission associated with supernova remnants at the shock in-
terface between the expanding supernova remnant and a molecular cloud.
Models indicate that these masers are shock excited and can only be pro-
duced under tight physical constraints. Outflows from newly-formed stars
create nebulous regions known as Herbig-Haro objects when they interact
with the surrounding medium, and these regions are potentially similar to
those seen in supernova remnants. If conditions behind the shock fronts of
Herbig-Haro objects are able to support 1720-MHz OH masers they could
be a useful diagnostic tool for star formation. A survey toward Herbig-Haro
objects using a single-dish radio telescope did detect 1720-MHz OH lines in
emission, but neither their spectral signature nor follow-up observations with
the Very Large Array showed evidence of maser emission.
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The Southern Hemisphere will see a major expansion in radio astronomy
instruments in the future and Southern Africa in particular has the poten-
tial to become one of the worlds major centers for radio astronomy over the
next decade. South Africa is currently building one of the world’s largest
radio telescopes, MeerKAT, which is one of the pathfinder instruments for
the Square Kilometer Array, to be built in either South Africa or Australia.
The Southern sky has not been explored as extensively as the Northern skies,
specifically at the high angular resolutions and the frequencies that these in-
struments will focus on. South Africa and partners in Africa are also planning
to convert redundant satellite communication dishes across the continent for
use as radio telescopes. These instruments will also be used for Very Long
Baseline Interferometry (VLBI), and their addition to the presently avail-
able antennas, including the Hartebeesthoek antenna in South Africa, will
dramatically increase the sensitivity and the u, v coverage available in the
Southern Hemisphere.
In order to carry out radio astronomy research and to participate in
these new developments in radio astronomy in the Southern Hemisphere a
deep understanding of the techniques of radio instruments and data anal-
ysis is required, specifically of the techniques of radio interferometry. The
ultimate aim of this study was to gain the necessary experience and under-
standing of radio astronomy from single dish instruments to radio interfer-
ometry. The study is made up of two separate and individual projects of
which both involve observations, calibration and analysis of radio data. The
first project, A Search for Compact VLBI Sources, their Physics and Poten-
tial use as VLBI Calibrators, involved an understanding of the calibration
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Chapter 1. Introduction
process of interferometric data in radio astronomy with the aim of finding
new sources for the use as calibrators in VLBI observations. The second
project, Shock Excited OH Masers Towards Herbig-Haro Objects, is an as-
tronomy science project with the aim of exploring and better understanding
these astronomical objects through the use of radio instruments.
The dissertation is laid out as follows:
The first project, A Search for Compact VLBI Sources, their
Physics and Potential use as VLBI Calibrators, consists of 3 chap-
ters;
Chapter 1 provides an overview of radio interferometry and discuss the prop-
erties and use of calibrator sources in radio interferometry and the need for
new observations in the Southern Hemisphere. Radio interferometers gener-
ally make use of observations of calibrator sources to estimate and correct
for errors in the observed data. Currently there are large gaps in the dis-
tribution of known calibrator sources in the Southern Celestial Hemisphere
at the frequencies that present-day and future radio arrays will operate at.
New observations to search for suitable calibrator sources is needed.
In Chapter 2 the details of the observing survey to identify new calibra-
tor sources in the Southern Hemisphere is discussed and the data reduction
process is explained in detail.
Chapter 3 provides the results from the survey and the results obtained
for each source are discussed in more detail.
The second project, Shock Excited OH Masers Towards Herbig-
Haro Objects, consists of 5 chapters;
The aim of this project was to determine if shock excited 1720-MHz OH
masers, associated with supernova remnants could also be excited behind
the shock fronts of Herbig-Haro objetcs.
Chapter 4 provides an overview of maser physics and in particular the OH
molecule and the 1720-MHz OH masers that have been detected toward a
2
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sample of supernova remnants. Models show that 1720-MHz OH masers are
produced in the molecular gas behind the shock front where a supernova
remnant interact with the surrounding material. The masers can only form
under very tight constraints of the physical conditions in these shocks. This
chapter also provides a review of the properties of Herbig-Haro outflows.
The physical and spectroscopical properties of the maser emitting supernova
remnants and the shocked regions associated with Herbig-Haro outflows show
remarkable similarities and for this reason we believe that it is possible that
some of the shocks associated with these Herbig-Haro outflows could also
support 1720-MHz OH masers.
In Chapter 5 the details of the initial survey to search for 1720 MHz OH
emission towards Herbig-Haro objects is discussed and the details of the ob-
servations, data reduction and results are given.
Chapter 6 discusses in more detail the results obtained from the observa-
tions and the results for each source is discussed in more detail.
In Chapter 7, I discuss in more detail the follow-up observations of poten-
tial maser sources associated with Herbig-Haro objects. However, the results
from my observations did not show any evidence of 1720-MHz OH maser
emission as seen towards supernova remnants.
In Chapter 8, I discuss and compare the properties of both the supernova
remnants and the Herbig-Haro objects and I provide some explanation as
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The Southern Hemisphere will see a major expansion in radio astronomy in-
struments in the future and this will dramatically increase the capabilities of
the Southern Hemisphere VLBI (Very Long Baseline Interferometer). Very
Long Baseline Interferometry provides high angular resolution observations,
where telescopes are separated by hundreds and thousands of kilometers.
VLBI phase-reference observations are needed for accurate astrometry and
for imaging sources that are too weak to be self-calibrated. Phase-referencing
requires regular observations of nearby calibrator sources, to estimate and
correct instrumental effects and the effects of the atmosphere on the ob-
served target data. To ensure that a calibrator source can be easily found
for any random target source, a dense grid of calibrator sources are needed.
Unfortunately, the Southern Hemisphere has large gaps in the distribution
of known calibrator sources at the frequencies that current and future VLBI
instruments will operate at (see Figure 2.4). The aim of this part of the thesis
is firstly to increase the number of Southern Hemisphere sources known to
be sufficiently compact for use as calibrators with VLBI arrays and secondly,
to investigate the properties and structure of theses calibrators at different
resolution and different frequencies. This chapter serves as an introduction
to the research done for this part of the thesis. A basic introduction to the
theory of Radio Interferometry as well as the properties and use of calibra-
tors in radio interferometry is discussed and it is also explained why new
observations were needed and the observing strategy employed.
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2.1 Radio Interferometry and Calibrator
Sources
2.1.1 The Basics of Radio Interferometry
The aim of this section is to provide the reader with the basic principles of
radio interferometry that are relevant to the research and data reduction in
this thesis. The following chapters that deal with the observational data in
this thesis, also provides additional information on the data reduction process
that was followed. For the dedicated reader, who wishes to learn more about
the theory, techniques and applications of radio interferometry, I recommend
the book by Thompson, Moran & Swenson (2001), as well as the series of
workshop lectures from the NRAO (National Radio Astronomy Observatory),
Synthesis Imaging workshops by Perley, Schwab & Bridle (1989).
The response of a telescope to a point source is called the beam pat-
tern. The beam pattern is the Fourier transform of the ”effective” aperture of
the telescope. The half-power beam width is defined as the half-power-point
(Full Width Half Maximum, FWHM) of the main lobe of the beam pattern
and defines the resolution of the telescope. For a filled apertures of diameter
D, the resolution of the telescope in radians is,
θ = 1.22λ/D, (2.1)
where λ, is the wavelength of radiation measured. Because of the
longer wavelengths used in radio, the relation of θ to λ greatly reduces the
resolution of single dish radio telescopes compared to the optical regime. An
optical telescope with diameter of D = 5 m, at a wavelength of λ = 500 nm,
will give an angular resolution of θ = 20 milliarcseconds1, while a single dish
radio telescope of diameter, D = 305 m, at λ = 21 cm, will give an angular
resolution of only 3′′. In order to achieve a 1′′ resolution at 21 cm, requires
a 40 km dish. Currently, the biggest single dish radio telescope is the 305 m
Arecibo telescope in Puerto Rico. Due to cost and constructional limitations
on the size of a single dish radio telescopes it is not viable to construct larger
dishes.




In order to achieve smaller angular resolutions astronomers make use
of radio interferometers, where aperture synthesis allows to synthesize a large
antenna by sampling signals from a collection of antennas. The separation
between two antenna elements is referred to as a baseline and an interferom-
eter with N antennas, will have N(N − 1)/2 baselines or pairs to combine.
With interferometers the beam width of each individual antenna represents
the size of the field-of-view. The maximum baseline B in an array has a
resolution, also called the fringe-half spacing, of λ/2B radians, but when
combined with shorter baselines, the effective resolution also called the syn-
thesized beam is usually,
θ ∼ λ/B, (2.2)
where B can extend to thousands of km, providing milliarcsecond
resolutions.
Radio telescopes detect electromagnetic waves, where the voltage V ,
induced at the focus of the telescope is proportional to the electric field
at that instant. If we consider a two-element interferometer, the voltages
V 1 and V 2 are received at the feeds of the two antennas, but because the
antennas are separated there will be a time delay in the detection of the
wavefront at each antenna which means that the incoming wavefront arrives
at each antenna at a different phase. The response of an interferometer can
be compared to Young’s Double Slit Experiment, where the antennas are the
slits, causing regions of constructive and destructive interference that can be
thought of as a set of fixed sinusoidal fringes or stripes on the plane of the sky
(see Figure 2.1). Changes with time in the fringe pattern are caused by the
derivative of the delay, the delay rate, due to constructive and destructive
interference form changing θ, the angle of the incoming wavefront w.r.t. the
baseline, as the Earth rotates.
The fringes are a function of the the baseline length and the frequency
observed, and the maxima and minima are separated by the fringe-half spac-
ing, λ/2B. In order to detect fringes, signals from the same wavefront have
to be correlated to each other. For an interferometer, signals from individual
antennas are multiplied together in baseline pairs in a correlator. As the
source moves through the fringe pattern as projected on the sky, the output
of the correlator will oscillate.
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Figure 2.1: Young’s double slit experiment compared to a two-element interferom-
eter. A wavefront arrives from a source, at an angle θ w.r.t. the baseline between
the two antennas and the voltages V 1 and V 2 are received at the feeds of the two
antennas. There will be a time delay dτ in the detection of the wavefront at antenna
1 (T1) compared to antenna 2 (T2) and the incoming wavefront arrives at each an-
tenna at a different phase, causing interference fringes, similar to Young’s double slit
experiment. Signals from individual antennas are correlated together in a correlator.
For an unresolved source, which is a source that is small compared
to the fringe pattern, the correlator output is just the instantaneous fringe
pattern. Such a source would appear point-like. A resolved source is a source
that is large enough to span both a minimum and maximum of the fringe
pattern and produce a lower-amplitude signal. Long baselines gives closely-
packed fringes and short baselines give widely-separated fringes. In order to
study the structure of a source a fringe half-spacing comparable to the source
size should be chosen.
When a source moves through the fringe pattern different frequencies
in the observing band will produce different fringe patterns and therefore
constructive interference is only strictly maintained at the meridian where
the path length to the two antennas is equal. Generally, interferometers
introduce delays electronically before correlating the signal (complex cross
correlation), so as to make the fringe pattern nearly stationary on the sky.
The complex output of the correlator, when scaled for telescope sensitivities,
is called the visibility function, V (u, v), and is the Fourier transform of the
source brightness distribution B(l,m),
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V (u, v) = FT [B(l,m)] (2.3)
where l,m are coordinates in the the tangent plane of the sky, and u, v
are the two components of the baseline vector, East-West (u), and North-
South (v) measured in the units of the observing wavelength. The baseline
vector is the baseline projected onto the plane normal to the direction to the
source, called the u, v plane. Each point in the u, v plane defines a specific
baseline length and orientation that corresponds to one Fourier component
of the source brightness distribution. For a point source the amplitude of
the visibility is the source flux density, and is constant across the u-v plane,
whereas the information about the point-source position is all in the visibility
phases.
As the Earth rotates the orientation of the baseline vector change,
which traces part of an ellipse in the u, v plane. The superposition of all the
ellipses from all the baselines in a specific array is called the u, v coverage. A
perfect reconstruction of the brightness distribution can only be achieved if
all the points in the u, v plane are measured. However for an interferometer
one generally does not have full u, v coverage, but only samples at a limited
set of points in the u, v plane. In order to increase the u, v coverage one needs
to either increase the number of antennas or observe the source for longer.
The holes in the u, v coverage due to incomplete sampling makes it
more difficult to reconstruct a reasonable estimate of the source brightness
distribution. The sampling of the u, v plane can be described by a sam-
pling function, S(u, v), where the measured visibility is a sample of the true
visibility V 0(u, v),
V M(u, v) = S(u, v)V 0(u, v) (2.4)
.
A ”dirty” image, Id(l,m), can be produced by Fourier transforming
the sampled complex visibilities, and equations 2.3 and 2.4 gives,
Id(l,m) = FT [V 0(u, v)S(u, v)] (2.5)
The ”dirty” image is not the true image of the sky, since the mea-
sured visibility is not the true visibility. The ”dirty” image Id(l,m) is the




Id(l,m) = B(l,m) ∗ I0(l,m) (2.6)
and the ”dirty” beam is the is the inverse Fourier transform of the
sampling function S(u, v),
B(l,m) = FT−1[S(u, v)] (2.7)
When observing a source with a radio interferometer one would obtain
the raw visibilities from the correlator and the data would then need to
be reduced using a data reduction package. The standard data reduction
procedure would include the calibration of the visibilities using data from
phase and/or flux calibrator sources observed at regular intervals during the
observations. Corrections of systematic effects of the atmosphere on the
measured visibilities are determined using one or more phase calibrators. The
flux density scale is established either by means of observations of standardf
sources of known flux density, if such sources are available, or determined
from the system temperature measurements and gain curves when standard
sources are not available, which is generally the case in VLBI where almost all
sources have variable flux density. A ”dirty” image of the source brightness
distribution is then reconstructed from the inverse Fourier transform of the
visibilities and deconvolution methods such as Ho¨gboms ”CLEAN” algorithm
(Ho¨gbom 1974) can be used to remove artifacts in the ”dirty” image to
produce a ”clean” image .
When working with radio interferometer data and specifically for the
purpose of the data used in this thesis, it is important to know how the
visibility functions or Fourier transforms for various source brightness distri-
butions behave as a function of increasing baseline length or u, v distance.
Figure 2.2 shows some simple visibility functions for various source bright-
ness distributions, with the visibility amplitude and visibility phase as a
function of increasing baseline length. The visibility amplitude for a point
source model at a small angle to the line of sight would be constant over all
baseline lengths, but the angular displacement gives a phase gradient across
the u, v plane, the gradient depending on the displacement from the phase
centre. For a specific array configuration, a source that has constant am-
plitude over all baseline lengths, is said to be unresolved and a point-like
source. For a source consisting of two point sources the resulting visibility
is the sum of the two point source functions and has a sinusoidal amplitude
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with wavelength inversely proportional to the separation between the two
point sources. Extended sources can be regarded as a collection of point
sources which causes many fringe patterns, the sum of which is a function
whose amplitude decrease the wider the source is compared to the fringe
spacing because the longer the baseline the more closely packed the fringes.
If we imagine fringes drawn on the sky when observing an extended source
then some parts of the source will give rise to a positive output while others
will give a negative output. Thus there will be some degree of cancellation
in the total signal and the output signal will be reduced compared to that
obtained from a point source of the same total flux density. The extended
source would be resolved on larger baselines. and the positions of FWHM
tells us the size of the source. Figure 2.2 (d) shows the visibility function of
an extended source.
2.1.2 Why are Calibrator Sources Needed ?
Calibrator sources are sources with known properties that generally consist of
at least one of the source position and/or structure, and are most often used
in the data reduction process when observing astronomical objects with radio
instruments. Because they have known properties, and we therefore know
how they should behave, regular scans of calibrator sources can be used to
calculate the relevant gains and delays during an observation. In turn the
derived solutions of the calibrator sources are then interpolated to those of the
target sources. Point-like source are preferred as calibrator sources because
of their simple apparent structure and unresolved flux density.
For the purpose of radio interferometry, calibrator sources are mainly
used to determine the delay of the received signal and therefore the phase of
the observed visibilities, which generally cannot be known a priori. The ob-
served visibility phases measured by an interferometer are affected by, among
other things, atmospheric and ionospheric effects, instrumental delays and er-
rors, geometrical errors and radio frequency interference (RFI). During the
data reduction of interferometric observations we attempt to estimate and
remove the perturbations in the measured visibility phase. These pertur-
bations can be reduced or removed by deriving the delay (visibility phase
derivative with frequency), delay-rate (visibility phase derivative with time)
and instantaneous visibility phase error (at the central observing frequency)
corrections using regular observations of a nearby strong calibrator source.
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Figure 2.2: The visibility functions for various source brightness distributions.
Taken From: Fomalont & Wright (1974).
(a) A point source model at a small angle to the line of sight.
(b) An extended source with a Gaussian brightness distribution at a small angle to
the line of sight.
(c) A double point source, both sources separated from the phase centre.
(d) A pair of similar extended sources, both separated from the phase centre. The
visibility curve is modulated by the visibility curves of the individual components.
12
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In the case of observations with high signal-to-noise and a sufficient
number of antennas the data reduction of interferometric data is conven-
tionally done using the target data itself, i.e. self-calibration (Schwab 1980;
Cornwell & Wilkinson 1981). However, with self-calibration both the abso-
lute flux density scale and the absolute position of the source on the sky
is lost. For sources to weak to self-calibrate or if the absolute flux den-
sity and/or absolute position information of a sources is required, one would
need regular observations of nearby calibrator sources, i.e. sources of known
position and flux density.
A significant component of the signal delay during interferometric ob-
servations is due to propagation through the atmosphere. The delay tracking
done at the correlator tries to remove as much of the delay as possible using
a delay model. This model generally does a pretty good job of the geometric
delay, but additional delays due to the atmosphere or antenna electronics,
for example, cannot be known in advance. As a result, the visibilities gener-
ated by a correlator contain phase errors. Accurately determining the delay
through the atmosphere is probably the main reasons why calibrator sources
are used. For a point-like calibrator source, at the phase-centre, we expect
the visibilities to have zero phase. The phase changes of the calibrator source
visibilities trace the fluctuations in the atmosphere, and when they are sub-
tracted from the phase of the target source visibilities, the residual phases
are essentially free from fluctuations. Therefore, the solutions for the cal-
ibrator source can be used to calibrate delay, rate and phase residuals of
the target source. This technique is known as phase-referencing and involves
regular observations of a nearby phase calibrator source. Phase-referencing
is just a special case of delay calibration and would be unnecessary if there
were some other way of accurately calibrating the delays. The ability to im-
age weak sources and determine their positions accurately with respect to a
nearby calibrator have made phase referencing very popular. According to
Wrobel (2009), in 2003−2008, 63% of VLBA (Very Large Baseline Array)
observations used this technique.
Perturbations to the observed visibility phase are mainly due to at-
mospheric effects as these happen on small time scales, while instrumental
effects in modern instruments are small and are usually fairly stable in time.
However, strong calibrator sources, called fringe finders, are often used in
VLBI observations to estimate the the delay and rate errors due to the cor-




Standard VLBI images, which are created using self-calibration tech-
niques, provide exquisite detail on the source structure but lack astrometric
information. The positional information of the target source is contained
within the observed visibility phases and for the purpose of astrometric ob-
servations the special analysis technique of phase-referencing is required to
preserve the astrometric information. The absolute position of the target
source is then obtained w.r.t. that of the calibrator source. Astrometric cal-
ibration is just a special case of delay calibration that requires calibrator
sources with sufficiently accurate positions. The accuracy with which the
source position can be obtained is limited by the accuracy by which the cali-
brator position is known, as well as by the accuracy of the phase-referencing,
and more accurate results can be obtained when the angular separation be-
tween the target source and the calibrator source are smallest.
Flux density calibrators are often used in radio observations to de-
termine the flux density scale of the observed sources. However, in the case
of VLBI observations that require calibrator sources to be compact on the
milliarcsecond scale, no flux calibrators are available, as the most compact
sources (that make good calibrators), all have variable flux density.
2.1.3 The Properties of Calibrator Sources for High
Angular Resolution Radio Interferometry Obser-
vations
Phase-referencing requires regular observations of a nearby calibrator source.
During the scheduling of observations, a calibrator source should be separated
from the target source by as small an angle as possible in order to look along
the same line of sight through the atmosphere. As the angle between the
calibrator and the program source increases, the accuracy of the calibration
transfer to the program source decreases. Ideally a calibrator source should
be within ∼ 3◦ of the target source. Therefore, it is desirable to have calibra-
tor sources distributed as densely and evenly as possible across the whole sky.
The switching time τs, defined as the time interval between the centre of suc-
cessive calibrator observations are set by the randomly varying tropospheric
and ionospheric phase errors. The critical switching time is generally longer
for lower frequencies, with typical values at 5 GHz being a few minutes.
The success of phase-referencing at any given frequency depends in
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part on whether, given the constraints on switching interval and switching
angle, there exist suitable phase-calibrators. An ideal calibrator would be
completely unresolved and have an exactly known position, but since actual
astronomical radio sources must be used they will diverge from this ideal.
However, very good calibrators can be found and they should have the fol-
lowing properties;
Must be adequately strong A good calibrator should be relatively bright
at the frequency of observation to be detectable on all baselines. Such
a calibrator source should be detectable with a signal-to-noise that is
ideally  10, over a time interval of < τs/2, where τs is the switching
time between successive calibrator observations.
Must have a compact structure The ideal calibrator would be a com-
pletely unresolved or point source as the expected correlated flux den-
sity of an unresolved source would be the same on all baselines of the
observing instrument. By examining the visibility measures for an un-
resolved calibrator source, we know that the visibilities on all baselines
should be the same and we can change or adjust the phase and am-
plitude of the gains until this is true. It should be note that the term
”unresolved” in this context does not refer to the inherent nature of
the source, as no real sources are point sources, but rather refers to
a source being unresolved by the instrument in question. Most VLBI
calibrator sources are not completely unresolved, but are dominated by
a point-like component and are usually core dominated quasars with
a small, faint jet. Sources which are dominated by an unresolved or
almost resolved core works well as calibrator sources, although sources
with more complicated structure can also be used as calibrators, either
by self-calibrating the calibrator source or if a model of the structure
is available. It should also be noted that a source that is compact at
one frequency, might not be so at a different frequency.
Must have positional accuracy A good calibrator should have a fixed
position and not move around on the sky. Good differential astrometry
requires accurate source positions and will be limited by the accuracy
of the calibrator source position.
If a source is to be used for flux density calibration, it must have a known
and preferably stable flux density.
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2.1.4 Active Galactic Nuclei and Calibrator Sources
For the purpose of high angular resolution observations at radio wavelengths,
the primary sources used as calibrators are Active Galactic Nuclei (AGN).
AGN are the active nuclei within some galaxies from which we observe sub-
stantial radiation that is not the light from the stars or the gas heated by
them. AGN are different from normal galaxies in that their nuclei all exhibit
large energy output from a small volume and they are characterized by their
very large luminosities (up to 104 times the luminosity of a normal galaxy).
The term AGN is generally used to describe both the active nucleus and
the galaxy hosting the AGN. The very energetic central regions of AGN are
currently believed to be due to the presence of a supermassive black hole
in the nucleus (Begelman, Blandford & Rees 1984; Blandford et al. 1990).
The black hole accretes the material surrounding it, and the material then
settles in a circumnuclear accretion disc that is heated and radiates as a re-
sult of viscous friction. Although most of the matter and energy ends up
in the black hole, some of the material is expelled into two jets in opposite
directions. It should be noted that the”core” of an AGN, is a term that is
typically used in an observational sense meaning either the part with the
highest brightness temperature or the flattest spectrum. In a physical sense,
all the radio emission is actually from the ”jet”, with the ”core” emission
merely being from the base of the physical jet. Recent work has shown that
the observational ”core” may actually be some distance from the black hole.
AGN emit strongly over the whole electromagnetic spectrum, includ-
ing the radio, X-ray and γ-ray regions where most galaxies hardly radiate at
all, and they are known to be variable at almost all observed wavelengths and
are not generally periodic. Many AGN nuclei are very luminous at optical,
ultraviolet and X-ray wavelengths, while others are far dimmer than their
host galaxies in these spectral regions, but are strong radio sources. The
principle classes of AGN are organized according to their radio loudness and
optical spectra. AGN are classified as either radio-loud or radio quiet, based
on the ratio of radio luminosity to optical luminosity, R, with the dividing
line being at around R = 1 (Kellermann et al. 1989). Radio-loud AGN are
generally associated with elliptical galaxies that have undergone recent merg-
ers and produce large-scale radio jets and lobes which are the origin of the
radio emission. Radio-quiet AGN are mostly associated with spiral galaxies
and have only weak radio jets that are energetically insignificant and the
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radio spectra are produced by the accretion disc. It is suggested that the
difference between the two classes is associated with the spin of the black
hole, where the spin energy of rapidly spinning, very massive black holes
that result form galaxy mergers, power the radio jets and lobes (Wilson &
Colbert 1995).
Quasars are the most luminous objects known and are the most dis-
tant and powerful of all AGN. As quasars are very distant, they have no
discernible proper motions on the sky, and are some of the most compact of
AGN. It is these qualities and the fact that they are isotropically distributed
around the sky that make them the most suitable choice of AGN for use as
calibrators at radio wavelengths.
On VLBI scales the morphology of quasars are basically seen as cores
with one-sided jets. On larger scales the radio morphology of quasars can be
described broadly in terms of two components, the radio lobes or extended
component and the compact radio source. The radio lobes generally show
more or less symmetric radio emission in the form of bubble-like, irregularly
shaped lobes on either side of the optical quasar or center of the galaxy, with
the position of the optical quasar often coincident with that of the compact
radio source. The radio lobes form some of the largest known structures in
the universe, and often extend hundreds of kiloparsecs or even megaparsecs.
Quasars also often have linear radio structures that originate from the central
radio source and extend into the radio lobes. These powerful structures
known as jets are mostly single-sided or appear fainter one side of the central
radio source, mainly due to Doppler beaming as a result of the orientation of
the galaxy. Variations between different quasars are partly due to orientation
effects, but the relative strength of the different components have also been
shown to vary from source to source and because they have different spectral
shapes they also vary with frequency. Lobe-dominated sources generally show
steep spectra while core-dominated sources have flat spectra.
2.1.5 Catalogues of Compact Radio Sources
The method of VLBI first proposed by Matveenko, Kardashev & Sholomit-
skii (1965) allows us to derive the position of sources with milliarcsecond
precision. A catalogue of compact radio sources with positions known to an
accuracy of several milliarcseconds is needed for many applications. Among
them are the use of phase calibrators for imaging weak objects and as target
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for accurate differential astrometry, spacecraft navigation, monitoring the
Earths rotation and Space Geodesy.
Apart from the 2.3-GHz study by Hungwe et al. (2011) most of the
existing Southern Hemisphere surveys for VLBI calibrators, e.g., the LBA
Calibrator Survey at 8.4 GHz (Petrov et al. 2011), the C-band Southern
Hemisphere VLBI Survey of Compact Radio Sources and dedicated imag-
ing observations to densify the ICRF (Ojha et al. 2004, 2005, 2010) are all
at or above 5 GHz. Hungwe et al. (2011) model-fitted up to 32 epochs of
observations for 31 Southern Hemisphere sources selected from the United
States Naval Observatory (USNO) Radio Reference Frame Image Database
(RRFID) Kinematic Survey to determined their suitability as phase calibra-
tors for observations with VLBI and future arrays.
Presently, the current VLBI Global Solution Catalogue, rfc 2011d2, is
the most complete catalogue of compact radio sources and includes a total
of 6541 sources from all available VLBI observations at 2.3, 8.6, 5 and 22
GHz from 1980 to 2011. Although the catalogue include many sources at 2.3
GHz, the vast majority of sources are in the northern hemisphere and due
to a limited number of telescopes and thus surveys we see a rapid drop of
source density at declinations below −30◦.
The LBA Calibrator Survey (LCS) is an ongoing VLBI project with
the goal of observing at 8.4 GHz a list of flat spectrum radio sources using
the Australian Large Baseline Array (LBA) to determine their suitability as
calibrator sources for Southern Hemisphere VLBI and to determine their po-
sition with milliarcsecond accuracy for astrometry and geodesy observations.
The ultimate aim of the project is to increase the density of compact radio
sources for use as calibrator sources for VLBI at 8.4 GHz in the Southern Ce-
lestial Hemisphere so it will match the density in the Northern Hemisphere.
In 1998, the International Astronomical Union (IAU) formally adopted
the International Celestial Reference Frame (ICRF) as the fundamental ce-
lestial reference frame. The current revised catalog (ICRF2), includes pre-
cise astrometric positions of over 3000 extra-galactic compact radio sources
and these sources have been the subject of many extensive VLBI studies at
frequencies including 2.3, 8.4, 24 and 43 GHz (Fey & Charlot 1997, 2000;
Boboltz et al. 2004; Jacobs et al. 2005; Ojha et al. 2005; Charlot et al. 2010).
Detailed analysis of the images of these sources allowed to determine several
quantities that serve as useful indicators of the quality for use as calibrators in
2VLBI rfc 2011d catalogue available from http://astrogeo.org/vlbi/solutions/rfc 2011d/
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VLBI, including; source flux density, flux density variability, structure index,
source compactness, and compactness variability. The results of the imaging
and analysis of these studies prove to show the importance of the continual
observing and analysis of AGN sources for phase-referencing purposes, and
can be summarized as follow:
• Extra-galactic radio sources are known to have extended emission, and
varies both spatially and temporally on scales of months to years. This
departure from the static point-source approximation introduces cal-
ibration errors. Despite stringent selection criteria of ICRF sources,
VLBI analysis indicated that quite a few of the sources are somewhat
spatially extended and thus not appropriate for defining the celestial
frame with the highest level of accuracy. Figure 2.3 shows contour plots
of two ICRF sources at 2.3 GHz, where the source on the left has been
identified as being a very good calibrator source and the source on the
right as being unsuitable for astrometric purposes.
• A correlation between the compactness of the sources and their position
uncertainties was found, where more extended sources have larger posi-
tion uncertainties. Some of the sources from the analysis were classified
as unsuitable for astrometric purposes and such sources should not be
used. Extra-galactic sources, for astrometric use, should be evaluated
independently at different frequency bands.
• The ICRF sources generally appear more compact at higher radio fre-
quencies than they do at lower ones. The core components generally
have flatter radio spectra than the jets, so at higher frequencies the
cores tend to be dominant. On the other hand, going to lower frequen-
cies the resolution of the observations is decreased and the effects due
to intrinsic source structure is reduced. It should therefore be noted
that a calibrator sources identified as a good calibrator at one frequency
may not be similarly good at another frequency.
• Frequency dependent opacity, in particular, synchrotron self-absorption,
is the main reason why the apparent source structure is a function of
frequency, since the cores, and the bases of the jets are typically op-
tically thick because of synchrotron self-absorption, while the jets are
typically optically thin. This effect can contribute to variations with
frequency in the apparent position of extragalactic radio sources.
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• In reality virtually all sources possess some structure and intrinsic vari-
ability in the emission over time. In addition, there is the potential for
sudden flaring events even for normally quiescent sources. It is there-
fore desirable that calibrator catalogues be maintained and the nature
of these extra-galactic sources monitored independently, for different
frequency bands, through periodic VLBI imaging.
Figure 2.3: Comparison of VLBI contour plots of extra-galactic radio sources from
the ICRF at 2.3 GHz. North is up and East is to the left. The scale of each image is
in milliarcseconds.
Left: Source B1342+662 shows compact structure and has been identified as a very
good calibrator source for astrometric use.
Right: Source B1117+146 is a double source and should not be used at all for astro-
metric work.
From: Fey & Charlot (1997)
2.2 A Search for Calibrator Sources
2.2.1 Why are More Observations Needed ?
The Southern Hemisphere is presently seeing the construction of two major
radio instruments, both of which are expected to be used in the VLBI net-
works: MeerKAT in South Africa and ASKAP in Australia. Both of these
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instruments are pathfinders for the SKA, that will be the largest and most
sensitive radio telescope ever built. In addition, a project to build a radio
telescope in Nigeria is underway and there is also an effort underway to con-
vert old communication dishes in many parts of Africa to serve as an African
VLBI array. The coming southern radio telescopes will result in a dramatic
increase in both the sensitivity and u, v-coverage of the southern VLBI array.
The focus of the SKA pathfinder instruments will be on frequencies
below 5 GHz. ASKAP will observe only below 1.8 GHz (Johnston et al.
2007) and MeerKAT phase 1 will only have an upper frequency of ∼1.75
GHz that will ultimately be extended to 14.5 GHz (Booth & Jonas 2012).
The sky has been relatively little explored at high angular resolutions and
frequencies < 1 GHz, and even less so in the Southern Hemisphere, and
therefore the coming new VLBI stations open up a significant ”window of
discovery”. Currently, the Southern Hemisphere VLBI array (and hence long-
baseline component of the SKA) is not well served with calibrator sources
and there are significant gaps in the present calibrator distribution on the
sky, specifically at frequencies below 5 GHz. As mentioned, sources that
are known to be good calibrators at higher frequencies may have extended
emission at lower frequencies and for this reason even sources already known
to be good calibrators at higher frequencies, should be re-observed at lower
frequencies. Figure 2.4 shows the sky distribution of calibrator sources at 2.3
GHz from the rfc 2011d catalogue, which clearly shows the lack of calibrator
sources at declinations south of −30◦. The LCS has already made a huge
improvement on the southern hemisphere calibrator density at 8.4 GHz, and
to date the correlated flux densities and positions of 759 new objects among











































































































































With the goal of increasing the VLBI calibrator source density in the South-
ern Hemisphere, I initiated a two-part survey of candidate calibrator sources
at 2.3 GHz. This chapter describes the observational setup and data re-
duction process for these 2.3-GHz observations. In addition, imaging of prior
VLBI calibrator observations at 8.4 GHz is also underway with the goal of de-
termining the structure of these extra-galactic sources and to compare them
with those observed at 2.3 GHz. The data reduction of these observations
are also discussed.
3.1 Survey and Observing Strategy
For the initial source selection at 2.3 GHz, a sample of sources from the Aus-
tralian Telescope Compact Array (ATCA) calibrator list1 have been chosen.
Sources from the ATCA calibrator list are known to be compact on arcsec-
ond scales. Most of the sources, however, have not been observed with VLBI
and even fewer of them have been observed with VLBI at frequencies below
5 GHz.
The observing strategy involved two sessions of VLBI observations.
In the first session I made short VLBI observations at 2.3 GHz of the sam-
ple of sources from the ATCA calibrator list. This first set of observations,
allowed us to observe a large number of sources in a relatively short period
1ATCA Calibrator List available at http://www.narrabri.atnf.csiro.au/calibrators/
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of time in order to identify strong, unresolved sources for follow-up obser-
vations. Sources identified from the first observations were then re-observed
with increased u, v coverage to produce high-quality images and to inves-
tigate the structure and compactness of the observed candidate sources to
confirm their suitability as VLBI calibrators at 2.3 GHz.
Even though the expected upper frequency limit of ASKAP is 1.8
GHz, I chose to observe at 2.3 GHz for several reasons. The first reason
is that 2.3 and 8.4 GHz are the two classical frequencies of the ICRF, and
my observations can compliment existing calibrator lists as well as the many
geodetic VLBI experiments which involve 2.3-GHz observations. My observa-
tions will complement the 2.3-GHz study by Hungwe et al. (2011) to fill some
of the gaps in the Southern Hemisphere calibrator distribution. Nonetheless,
I expect that sources which are compact on milliarcsecond scales at 2.3 GHz
would very likely also be compact at e.g., 1.4 GHz as well. The 2.3-GHz
calibrator sources would therefore almost certainly be directly usable as cal-
ibrators at frequencies at least down to 1 GHz, and form a useful starting
point for searching VLBI calibrators for frequencies below 1 GHz. The sec-
ond reason was that a number of the antennas in the Southern Hemisphere
VLBI network are not presently equipped to observe at frequencies below 2.3
GHz.
My observations were carried out using a network of Southern Hemi-
sphere VLBI telescopes known as the Large Baseline Array (LBA). The LBA
currently include the Hartebeesthoek Radio Astronomy Observatory (Har-
tRAO) antenna in South Africa, as well as seven Australian antennas, and
the Warkworth antenna in New Zealand. Figure 3.1 shows a map of the
LBA antenna locations and Table 3.1 and 3.2 lists the LBA antennas, their
location, diameter and corresponding baselines.
A number of sources from my 2.3-GHz survey are already included as
calibrator sources in the VLBI Global Solutions catalogue, but have VLBI
observations only at 8.4 GHz (observed as part of the LCS experiments). A
source which is compact enough to serve as a VLBI calibrator at 8.4 GHz
would be more than compact enough to use at 2.3 GHz. However, typically
the compact core has a flat spectrum and the extended emission has a steep
spectrum, so at higher frequencies the cores tend to be dominant. Therefore,
a source might be core dominated at 8.4 GHz, and thus be a good calibrator,
but not so at 2.3 GHz which is a factor of 4 lower in frequency.
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In addition to the 2.3-GHz observations, my supervisor Dr. Michael
Bietenholz and I also joined the LCS proposal team in 2011 and started
working on imaging prior LCS observations at 8.4 GHz, to investigate the
compactness of the observed sources and to compare the structure of these
extra-galactic sources with those from my 2.3-GHz survey. The LCS survey
(described in § 2.1.5, page 17), to date, consists of 9 individual observational
experiments at 8.4 GHz, including 934 sources of which the positions and
flux densities of 759 new objects have been computed. Imaging and model
fitting has been carried out for 3 of the LCS sources that coincide with the
sample of sources from my 2.3-GHz observations.
Table 3.1: LBA antenna locations and diameters.
Location Diameter
ATCA1 Australia 5 × 22m
Mopra Australia 22m
Parkes Australia 64m
Tidbinbilla DSS 45 Australia 34m
Tidbinbilla DSS 43 Australia 70m
Hobart Tasmania 26m
Ceduna Australia 30m
Warkworth New Zealand 12m
HartRAO2 South Africa 26m
1 Australia Telescope Compact Array.
2 Hartebeesthoek Radio Astronomy Observatory.
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Figure 3.1: Network map of the LBA antennas (Map not according to scale).
Table 3.2: LBA baselines (km)
ATCA Mop. Park. Tid. Hob. Ced. Wark. Hart.
ATCA1 . . . 120 324 569 1400 1507 2434 9839
Mopra 120 . . . 204 456 1286 1444 2434 9771
Parkes 324 204 . . . 275 1091 1359 2440 9656
Tid 34/70m2 569 456 275 . . . 833 1454 2308 9580
Hobart 1400 1286 1091 833 . . . 1704 2396 9159
Ceduna 1507 1444 1359 1454 1704 . . . 3724 8937
WarkW3 2434 2434 2440 2308 2396 3724 . . . 10439
HartRAO4 9839 9771 9656 9580 9159 8937 10439 . . .
1 Australia Telescope Compact Array.
2 Baselines for Tidbinbilla 34m and 70m antenna.
3 Warkworth antenna.
4 Hartebeesthoek Radio Astronomy Observatory.
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3.2 2.3-GHz Observations 2008
3.2.1 Source Selection
From the ATCA calibrator list at 2.3 GHz, I selected 56 sources with flux
densities > 350 mJy and declinations < −30◦. The sample of sources cover
a declination range of −30◦ to about −90◦ and flux densities range from 360
mJy to > 3 Jy.
3.2.2 Observations
Short observations of the 56 selected sources were made on 6 June 2008,
using five of the LBA antennas; ATCA, Mopra, Parkes, Hobart and Ceduna.
These observations were proposed by Booth, Bietenholz, Phillips and Hungwe
(2008; code v278a) and scheduling was done by Faith Hungwe.
We observed at a frequency of 2.274 GHz, and recorded both senses
of circular polarization with a total bandwidth of 32 MHz per polarization.
The data was correlated with 65 spectral points in each of two intermedi-
ate frequencies, and a correlator integration time of 0.5 seconds. Observed
along with the target sources were 2 fringe-finder sources, J1924−2914 and
J2258−2758. The observations consisted of one scan per target source with
each scan being 7 minutes long. With a bandwidth of 32 MHz, the 7 minute
on-source time should allow for baseline-sensitivities of . 10 mJy, which
should allow for a 10σ detection of a source with 100 mJy of correlated
flux density, and allow an image sensitivity of ∼ 0.8 mJy/beam. Figure 3.2
show example u, v coverages obtained for target sources at different source
declinations.
After observations the raw data for each antenna was transported to a
correlator facility. The observations were correlated at the Curtin University
of Technology using the DiFX software correlator (Deller et al. 2007).
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(d) 0606−795 Antennas: Parkes, ATCA,
Mopra, Hobart, Ceduna
Figure 3.2: Example u, v coverages (v vs. u) for the 2.3-GHz, 2008 Observations.
The u, v coverage for some sources were very sparse compared to others and the two
plots on the next page represent the minimal u, v coverage obtained.
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(b) 0411−346 Antennas: Parkes, ATCA,
Mopra
3.2.3 Data Reduction
All of the data reduction was carried out with the NRAOs Astronomical Im-
age Processing System (AIPS) software suite of programs (Bridle & Greisen
1994). The multi-source visibility data in FITS format was loaded into AIPS
and the visibility data file was then indexed and sorted into time baseline
order.
Data Examination and Confirmation
When data is first read into AIPS, several tables are created and filled with
information describing the data. In order to calibrate your data it is vital
to get as much information about the observation as possible and various
tasks are used to examine the tables as well as the raw visibilities. The basic
information needed include a summary of the sources, scans, antennas and
the observational setup as described in § 3.2.2, page 27, as well as the u, v
coverage as shown in Figure 3.2. At this point the data is also inspected for
inadvertent sub-arraying where different antennas point at different sources.
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Amplitude Calibration
Tables with system and antenna temperature information and antenna gain
curves are generated during observations and are used to correct the visibility
amplitudes. These tables were collected from the antenna stations and had
to be manually edited and formatted to include the correct information in
the correct format for AIPS. When system temperature measurements made
during the observing run were not available, I used nominal values instead.
The time variable amplitude gains calculated from the system temperature
and gain curve information contained in these tables were then applied to the
visibility dataset to produce amplitude calibrated visibility data. Amplitude
gain corrections due to sampler errors in the cross-correlation spectra have
also been applied.
Delay, Rate and Phase Calibration
Fringe-fitting is a process to calculate the residual delays due to the atmo-
sphere, the ionosphere, station position errors, clock drifts and instrumental
delays. Fringe-fitting involves treating the delays and delay-rates as free pa-
rameters, and then fitting their values so as to make the corrected visibility
phase independent of frequency and time. The first step is to calculate the
relative delay between the IF’s that is caused by different electronics in the
different IF’s and is relatively stable in time. The next step includes solv-
ing for the time-variable part of the delay as well as the rate which are IF
independent. Fringe-fitting in AIPS is done using the task FRING.
Since the FRING solutions are derived from the visibility measure-
ments, they are affected by bad visibility measurements. So ideally one would
do all the editing of visibilities before running FRING. However, calibrating
out the more rapid variations in the visibility phase by running FRING (and
applying the resulting solutions to the visibility data) makes the data much
easier to edit. Therefore, a two part strategy was used where a first run of
FRING was used before the bulk of the editing to find first approximations
for the residual rates and delays. These solutions were smoothed in time,
and then used to calibrate the visibilities. The main editing of the visibility
data was then done using this approximate calibration. Finally, a second
run of FRING using the edited data was used to refine the rate and delay
calibration.
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The FRING solutions are derived from the visibilities themselves and
therefore the visibility data for each source was essentially self-calibrated in
phase.
Additional Amplitude Calibration
The amplitude gains can be further refined by first self-calibrating a strong,
compact source and then using a CLEAN image of the calibrated source as
model to determine the antenna gains that will make the visibility data for
the chosen source/model conform as closely as possible to a point source. At
this point the final calibrations were applied to the data and the multi-source
u, v data file is separated into single-source data files.
Data Inspection and Further Self-Calibration
To get a first idea of what the calibrated data looks like the visibility ampli-
tude and visibility phase versus u, v baseline-length for each source is plotted.
Each of the sources is then inspected for any remaining discrepant solutions
and any bad data points are edited directly from the single-source data files.
The visibility plots also provide a rough estimate of the source flux density
and also gives information on the general structure of the source. Visibility
functions for various source brightness distributions were shown in Figure
2.2 of the previous chapter.
”Clean” images of sources are produced for the purpose of imaging
part of the sky to provide a visual representation of the source structure.
”Clean” images are produced from the single-source visibility files using a
deconvolution algorithm such as CLEAN (see § 2.1.1, page 10), to subtract
the beam pattern from the dirty image.
Data are generally corrupted and in addition, for interferometric data,
not all the desired measurements of the visibility are present and therefore
the output image must contain errors and there will always remain deviations
from the correct image. It is therefore important to understand the limita-
tions of the CLEAN images and to asses the image quality. One approach
to evaluating the image quality is to look at the image background for any
residual stripes or symmetric pattern. A more qualitative way of determining
the image quality is to calculate the dynamic range, DR, described in more
detail in § 4.1.2, page 53.
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Unless most of the visibility phases on short baselines are close to 0,
doing either imaging or model fitting is of doubtful value. If the visibility
phases on the short baselines are ±180◦, then that suggests either serious
errors with the phase calibration or the source is large and asymmetrical on
the scales of your shortest baseline, and neither model-fitting nor imaging is
likely to return sensible results.
After inspection of the quality of the calibrated visibility data, the
sources can be further self-calibrated using a CLEAN image of the source
itself as model. The effect of self-calibration is the reduction or disappearance
of features known or suspected to be false and therefore reduces the image
background rms in regions of no known structure and increases the source
brightness and therefore also the dynamic range. After self-calibration source
structures previously masked by errors could become more clearly discernible.
Since phase errors are generally more common than amplitude errors the self-
calibration process starts with phases. Phase self-calibration can be repeated,
until the process converges, and neither the derived gain calibration or the
image changes. Further amplitude self-calibration can be used to improve
the image quality and this process should also correct errors introduced by
the use of nominal system temperature values.
Such self-calibration obviously depends on the quality of the model,
so if the CLEAN image is not reasonably good, then it is probably not a good
idea to use further self-calibration. For a number of my sources it was not
possible to conclusively determine the basic source structure or the scale of
the source structure and for these sources I did not attempt any deconvolution
or further self-calibration. These sources are discussed in more detail in the
next section.
Model Fitting
For sources with simple structure and data with relatively poor u, v coverage,
the best estimates of the source size and flux density are obtained through
fitting models directly to the visibility data, rather than in the image plane.
Therefore, as an alternative to imaging I fitted a simple Gaussian model of
the emission directly to the visibilities by least-squares fitting to characterize
the source. The Gaussian model was fitted to the visibility data (using the
AIPS task UVFIT), by adjusting the model parameters to minimize the
weighted sum of the squared residuals for the ideal visibilities derived from
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the model and the observed data. A circular Gaussian model was used,
because it has a small number of parameters. The free parameters were the
source position (x,y), the flux density and the source FWHM size. Visibility
plots and CLEAN images (where possible), were examined to make sure that
a circular Gaussian model is reasonable and that the source is not a double
for example.
A circular model is a fairly simple approximation and in most part
not a good physical model for the actual shape of the emission region, since
AGN sources are often elongated and quite rarely near circular. However, be-
cause of the limited, and sometimes highly elongated, u, v coverage, I did not
attempt to characterize the source geometry beyond that of a mere estimate
of the size from a simple circular Gaussian model. A limited u, v coverage
allows only a small number of parameters to be estimated reliably, and for
this reason a circular model, having only a few parameters, was chosen, only
to get a basic idea of the FWHM size, or the scale of the source structure.
Unfortunately, calculating measurement errors for the parameters of
model fitted VLBI data is a difficult task. There are however several ways
of estimating the uncertainty for the FWHM size. One is just the statisti-
cal uncertainty which is calculated from the diagonal of the χ2 covariance
matrix from the model fitting, under the assumption that the errors in the
visibilities are independent and Gaussian-distributed and that the visibilities
are perfectly calibrated. Neither of these assumption are generally true and
these uncertainties are almost guaranteed to be overoptimistic.
We also know that we cannot reliably determine sizes much smaller
than our resolution and that the minimum measurable size depends on the
signal-to-noise of the observations. An expression for the minimum measur-







where a is the minimum measurable size in units of milliarcsecond, N
is the integrated rms noise of the observations in Janskys and U is the max-
imum baseline length in units of 100 Mλ. Expressed in terms of a uniformly
weighted beam size, θbeamsize ≈ 1.34×108λ/d (milliarcseconds), Equation 3.1
can be written as,
a < 1.8
√
N/S × θbeamsize. (3.2)
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Due to poor u, v coverage for these observations a reliable estimate
of the beamsize could not always be obtained to calculate the value of a,
so instead I calculated the beamsize as the geometric mean of the beam
major and minor axes of the CLEAN beam, as given by Equation 2.2. I also
calculated the value of the minimum measurable size a, using a beamsize
calculated from only the minor axis and only the major axis of the beam, as
yet another estimate of the uncertainty on the FWHM size.
To estimate more realistic uncertainties, in particular to estimate the
contribution due to the residual mis-calibration, I used a Monte Carlo sim-
ulation to randomly vary the antenna gains for a number of trials to fit the
FWHM size. Since we have no idea how the real antenna gains differ form
the ones that we have, we just randomly change them to get a distribution
of the fitted FWHM size. From experience we know that the antenna gains
are usually accurate to within about 10%, and the calculated uncertainty of
the fitted FWHM size from the Monte Carlo simulation is therefore based
on an assumed 10% uncertainty in the antenna gains. The Monte Carlo
simulations was carried out for three of the observed sources and I used 12
trials for each source. In each of the trials I varied the antenna gains by a
random amount, with the mean of the random gain variation being 0 and the
standard deviation being 10%. Although the number of trials was small, it is
enough to determine the scale of this contribution to the overall uncertainty
in the FWHM size, and to show that it is not the dominant contribution.
From the error calculations described above, for the sample of sources
used, the estimated uncertainties for the FWHM size from the Monte Carlo
simulations were always . a, and the maximum obtained value of the uncer-
tainty were always . to 1/4 of the beamsize. Due to the limited u, v coverage
and the simple approximation of a circular model, I use 1/4 of the beamsize
as a very conservative estimate of the uncertainty for all of the sources.
From the Monte Carlo simulations the uncertainty on the flux densi-
ties were ∼10%, which from experience is a reasonable error, often quoted in
the literature.
3.2.4 Results
Example plots showing visibility amplitude and visibility phase vs. baseline-
length are shown at the end of this chapter, Figure 3.3. Included in the plots
are examples representing sources that were unresolved and considered for
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follow-up observations, as well as examples representing resolved sources that
were not considered good calibrator source candidates for follow-up observa-
tions.
The actual values of the estimated flux densities and the source sizes
are presented in the next chapter, Table 4.1. From the 56 sources observed,
a total of 25 sources appear sufficiently compact and bright to be used as
calibrators.
The visibility plots for three of the sources, J0749-4412, J1020-4251
and J2307-4132, show ±180◦ phases on even the shortest baselines. It is pos-
sible that either the calibration solutions failed or these sources are extended
on scales larger than our shortest baselines. In addition these sources show
correlated flux densities that are much lower than the flux densities obtained
form the ATCA Calibrator list and the combination of my results and the
ATCA results suggest that most of the flux density must be on some spatial
scale between 50 milliarcseconds and 1′′. No FRING solutions were found for
source J1720-3552 and although it is possible that the data may have been
corrupted, it is also possible that the source is extended on arcsecond scales
with no compact core.
A further 5 sources, J0042-4414, J0906-6829, J1514-4749, J1515-5559
and J2326-4027, had very poor u.v coverage, with some sources having ob-
servations from only two antennas. Although the visibility plots for these
sources suggest that some of them may be resolved on at least some of the
baselines, no conclusive estimates of the source flux density or the FWHM
size could be obtained from model fitting.
The remainder of the sources appear to be resolved on at least some
of the baselines and will therefore not make good calibrator sources for the
purpose of VLBI observations. Three of these sources, J1830-3602, J2106-
7122 and J2138-4646, have previous VLBI observations and the VLBI Global
Solution Catalogue (rfc 2011d) lists these sources as unreliable calibrators,
confirming the results that I obtained.
3.3 2.3-GHz Observations 2011
3.3.1 Source Selection
Results from the 2.3-GHz, 2008 observations showed a total of 25 sources
to have flux densities > 200 mJy and sizes . 10 milliarcseconds, making
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them ideal candidates for my follow-up observations. Of these 25 potential
calibrator sources, 5 sources, J0534-3747, J1514-4748, J1957-3845, J2003-
3751 and J2106-6547, have previous VLBI observations at 2.3 GHz. These
sources are listed in the VLBI Global Solution Catalogue (rfc 2011d), as being
good calibrator sources, where a good calibrator is one with eight or more
detections at both 2.3 and 8.4 GHz, has positional accuracy better than 25
nrad and can be used as a calibrator for interferometers with baselines in the
range 1−10000 km. I did not include these sources for follow-up observations,
as they are already listed as good calibrators and the results from my 2008
observations confirmed both the brightness and the compactness of these
sources as given in the VLBI calibrator catalogue.
The remaining 20 candidate sources which were detected and ap-
peared unresolved in our 2008 observations were included in our follow-up
observations. Two of these sources have previous VLBI observations. J2312-
4126 is classified by the VLBI Global Solution Catalogue as being an unsuit-
able calibrator source. My 2008 observations suggest otherwise and follow-up
observations are required to confirm these results. J2313-4729 is classified by
the VLBI Global Solutions Catalogue as a good calibrator source, however,
my visibility plots suggest some extended structure on the longer baselines
and follow-up observations are required to confirm the results.
I include also three sources, J0908-4736, J1524-5903 and J2021-6124,
from the 2.3-GHz, 2008 observations which appeared too resolved (size > 10
milliarcseconds) to serve as calibrators, but which were found to be suffi-
ciently compact to serve as calibrators at 8.4 GHz based on the LCS obser-
vations. I re-observed these sources in order to compare the structure at 2.3
GHz with that at 8.4 GHz.
I include one final source, J0450-8101, because it shows very inter-
esting and unusual behavior at 8.4 GHz. Multi-epoch observations from the
LCS observations showed the flux density from a milliarcsecond region grow
by a factor of 5 during 2009. Such a strong flare is unusual, which makes
the source of particular astrophysical interest, but in addition suggests very
compact structure, therefore making the source a good calibrator candidate.
This brings us to a total number of 24 sources selected for follow-up
observations at 2.3 GHz. These sources are all listed in Table 4.1, in the
following chapter.
36
Chapter 3. Observations and Data Reduction
3.3.2 Observations
The 24 selected sources were observed on 13 August 2011, using 9 of the
LBA antennas; ATCA, Mopra, Parkes, Tidbinbilla 34m, Tidbinbilla 70m,
Hobart, Ceduna, Warkworth and HartRAO. The two Tidbinbilla antennas as
well as the HartRAO antenna were not scheduled to operate throughout the
entire observing run. We observed at a frequency of 2.285 GHz with a total
bandwidth of 32 MHz per polarization , correlated with 32 spectral points in
each of two intermediate frequencies with a correlator integration time of 2
seconds. The data were recorded in both senses of circular polarization (RCP
and LCP) except for the Tidbinbilla antennas, where we recorded only RCP
from the 70-m and only LCP from the 34-m. Four fringe-finder sources were
observed in 1 scan of 7 minutes each. The 24 target sources were observed
in 5 minute scans, and we obtained 3 scans of 5 sources, 4 scans of 7 sources,
5 scans of 2 sources, 6 scans of 2 sources, 7 scans of 1 source and 8 scans
of 7 sources. Figure 3.2 shows example u, v coverages obtained for target
sources at different source declinations, as well as for different combinations
of number of antennas and number of scans.
The increase in number of scans per source, on-source time as well as
the increase in number of baselines and baseline length for these observations,
will ensure a dramatic increase in the u, v coverage, sensitivity, resolution and
the overall quality of the data and images as opposed to the 2.3-GHz, 2008
observations.
3.3.3 Data Reduction
Data reduction was carried out using AIPS and the same approach was fol-
lowed as was described in § 3.2.3. This section serves only to describe any
additional steps needed or discrepancies in the data reduction procedure from
the previous section.
Data Calibration
The system temperature table for the Ceduna antenna looked very messy
and showed a large increase in the system temperature between 8 and 10 UT
in both IF’s for LCP. After FRING fitting the Ceduna baselines showed good
37




















(c) J2108−4846 Antennas: ATCA,





















(d) J2021−6124 Antennas: ATCA,



















(e) J0757−7353 Antennas: ATCA,



















(f) J0451−4653 Antennas: ATCA,
Hobart, Mopra, Parkes, Tid70m,
Warkworth
Figure 3.2: Example u, v coverages (v vs. u) for the 2.3-GHz, 2011 Observations.
The u, v coverage for some sources were very sparse compared to others and the two
plots on the next page show the two sources with the poorest u, v coverage.
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(a) J0732−4640 Antennas: ATCA,





















(b) J1524−5903 Antennas: ATCA,
Hobart, Mopra, Parkes
signal, but the gain phases showed large phase slopes with time, changing
from source to source and also within a scan, suggesting an instrumental
problem. There has been a known intermittent problem with phase stability
at Ceduna over the last couple of years, where the residual delay rates jump
as often as every 30 seconds during observations. It is sometimes possible to
recover the affected data if you have enough SNR to be able to self-calibrate
on a very short timescale. However, additional FRING solutions with smaller
solution intervals did not produce any improvement and all the data for the
Ceduna antenna were discarded.
Amplitude gain corrections derived from ACCOR, varied by several
factors from one scan to the next in an odd pattern for the Warkworth
antenna. The station reported seeing power level fluctuations in the data
system, but at the time could not identify the source of the problem. The
fluctuating power levels must have affected the automatic gain control, result-
ing in poor sampler statistics some of the time. Inspection of the calibrated
visibility data on Warkworth baselines showed incoherent phases and low am-
plitudes whenever the ACCOR gain corrections were < 0.9 and I therefore
discarded them, resulting in the loss of ∼ 1/3 of the Warkworth data.
Amplitude gain corrections for both Tidbinbilla stations showed time
ranges where the gain corrections jumped up by a factor of two. No FRING
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solutions could be obtained for the visibility data corresponding to these
time ranges due to low SNRs. For any single source, such low SNRs might
be due to source structure very different from the point-source model used,
for example a double source. Since however, a number of different sources
were observed within the same time range, this is unlikely. This effect could
be due to a strange source structure or a double source for example, but the
time range over which this occurs include more than one source and the data
were discarded.
Additional amplitude self-calibration was run using CLEAN-component
models for each of five bright sources chosen. The derived antenna gain cor-
rections were averaged over all five sources, then applied to all 28 sources.
Also, one round of self-calibration in amplitude and phase was run for each
of the 24 target sources, using a CLEAN-component model from the source
itself.
Imaging and Modefitting
I made CLEAN images for all of the target sources, using a weighting func-
tion of the visibilities in between uniform and natural weighting and using
the square root of the statistical visibility weights. For the lower angular res-
olution observations where the observations did not included the HartRAO
baselines I used an image size of 1024 × 1024 pixels and a cellsize of 0.8
milliarcseconds. An image size of 4096 pixels and a cell size of 0.08 mil-
liarcseconds were used for the higher angular resolution observations, where
observations did included the HartRAO baselines. The CLEAN images are
shown at the end of the following chapter.
Estimates of the correlated flux densities and source FWHM size have
been determined by fitting a circular Gaussian model in the u, v plane. The
fitted values are listed in Table 4.1, page 50, in the following chapter where
the results of the observations are also discussed.
The fitted FWHM size can be strongly correlated with the antenna
amplitude gains, which was derived as best as possible. For estimating the
uncertainty of the FWHM size, as explained in the previous section, sev-
eral strategies can be used. One approach is taking just the statistical un-
certainty, which is calculated from the model fitting. Since some residual,
antenna-dependent calibration errors are likely, the errors in the visibility
measurements are likely quite correlated, and the previous assumption is
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probably not very good. For this reason I also estimated the uncertainties
by redoing the model fitting for all of the sources, but this time with the
antenna amplitude gains added as free parameters. However, because of the
small amount of data, the (per-source/per-antenna) gain corrections esti-
mated this way are not very reliable, so I do not use the value of the FWHM
size, but only the estimate of the uncertainty, which takes into account the
correlation between the antenna gains and the fitted FWHM size.
I found the statistical uncertainties calculated from the model fitting
are ∼ 15 - 20% larger when the antenna amplitude gains are added as free
parameters. I also calculated uncertainties as described in § 3.2.3 and found
the Monte Carlo uncertainties to be similar to the statistical uncertainties
calculated from the model fitting with the antenna amplitude gains are added
as free parameters. The estimated uncertainties for the FWHM size from the
Monte Carlo simulations were always . a, the calculated minimum measur-
able size, and the maximum estimated value of the uncertainty were always
. to 1/4 of the beamsize. As before, I used a conservative estimate of the
uncertainty for the FWHM size to be 1/4 of the beamsize, and a 10% uncer-
tainty on the flux density.
3.4 8.4-GHz Observations 2010
3.4.1 Source Selection
A number of the LCS experiments at 8.4 GHz (described in § 2.1.5, page 17)
included some of the sources in my 2.3-GHz selection. I re-calibrated one
of the LCS datasets and I present the results and images for three of the
sources, J045−8101, J0908−4736 and J2021−6124 in this dataset that were
also included in my 2008 and 2010 observations at 2.3 GHz.
I plan to re-calibrate and image many more of the LCS sources in
future, but taking into account the large number of sources observed in the
LCS experiments, this will have to be done in an automated way. The
u, v coverage for the LCS experiments were often poor and it would not be
possible to make great images for every one of the detected sources, but I
expect that many of the images will be good enough to determine source
morphology.
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3.4.2 Observations
Observations for LCS experiment V271e, were made between 11-12 March
2010 using 5 of the LBA antennas; ATCA, Mopra, Parkes, Hobart and Ce-
duna. The data were observed at a frequency of 8.344 GHz, in left circular
polarization, with a total bandwidth of 128 MHz and correlated with 128
spectral points in each of 8 intermediate frequencies. It should be noted that
ATCA and MOPRA also recorded right circular polarization, but I did not
use the right polarization data from this single baseline. The correlator in-
tegration time was 0.5 seconds and the data was correlated on the hardware
geodetic correlator at Bonn.
The experiment consisted of observations of 155 target sources, with
16 sources observed in 2 scans, 85 sources observed in 3 scans and 5 sources
observed in 4 scans. Scan duration ranged from 2 − 6 minutes depending
on the predicted correlated flux density. Observations of the three sources
presented in this thesis consisted of 3 scans per source, with each scan being
2 minutes long. Figure 3.2 shows the u, v coverages obtained for the three
sources.
3.4.3 Data Reduction
Data reduction was carried out with AIPS using the same series of steps
as described in preceding sections. Any contrastive steps or issues relating
specifically to this data set have been described in more detail below.
Data Calibration
Amplitude gains were derived from nominal system temperature values. Ad-
ditional amplitude self-calibration was run using CLEAN-component models
for each of five bright sources chosen. The derived gain corrections were
averaged over all five sources, then applied to the remainder of sources.
I made CLEAN images for 3 of the sources, using an image size of
4096×4096 pixels and a cell size of 0.08 milliarcseconds. The CLEAN images
are shown at the end of the following chapter. One round of self-calibration
in amplitude and phase was run for each of the 3 sources, using a CLEAN-
component model of the source itself.
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(c) J0450−8101 Antennas: ATCA,









































(e) J2021−6124 Antennas: ATCA,
Ceduna, Hobart, Mopra, Parkes
Figure 3.2: u, v coverages (v vs. u) obtained for the three example sources from the
8.4-GHz, 2010 observations.
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I estimated the flux density and FWHM size by fitting a circular
Gaussian model in the u, v plane, as described above in § 3.2.3. The fitted
values are listed in Table 4.1, page 50 and the results of the observations for
the three sources are discussed in § 4.2.
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(d) 0742−562 Antennas: Parkes, ATCA,
Mopra, Hobart, Ceduna
Figure 3.3: Representative visibility plots of unresolved sources from the 2.3-GHz,
2008 observations. Left: Visibility amplitude vs. baseline-length, Right: Visibility
phase vs. baseline length.
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(h) 0841−607 Antennas: Parkes, ATCA,
Mopra, Hobart, Ceduna
Representative visibility plots of unresolved sources from the 2.3-GHz, 2008 obser-
vations. Left: Visibility amplitude vs. baseline-length, Right: Visibility phase vs.
baseline length.
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(l) 1827−360 Antennas: Parkes, ATCA,
Mopra, Hobart, Ceduna
Representative visibility plots of resolved sources from the 2.3-GHz, 2008 observations.
Left: Visibility amplitude vs. baseline-length, Right: Visibility phase vs. baseline
length.
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(p) 2226−411 Antennas: Parkes, ATCA,
Mopra, Hobart
Representative visibility plots of resolved sources from the 2.3-GHz, 2008 observations.





This chapter collects the results from my three VLBI observing sessions.
Each of the sources from the 2.3-GHz, 2011 observations are discussed and
sources that can be used as VLBI calibrators are identified.
4.1 Results
4.1.1 Model Fitting
The estimated source flux densities and source FWHM size for the 2.3-GHz,
2008 and 2011 observations as well as the three sources from the 8.4-GHz,
2010 observations are listed in Table 4.1. The model fitting methods used to
derive the estimated flux densities and source FWHM sizes were explained
in detail in § 3.2.3, page 32 and § 3.3.3, page 40.
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Chapter 4. Results and Discussion
4.1.2 Imaging
CLEAN images for sources from the 2.3-GHz, 2011 and 8.4-GHz, 2010 ob-
servations are presented at the end of this section, and individual sources are
discussed in § 4.2.
As explained in Chapter 3, the CLEAN algorithm is used to image
and deconvolve the visibility data. Errors in the data, and the calibration
methods as well as limited u, v coverage and approximations used in the
imaging process can all result in poor deconvolution of the visibility data. For
this reason it is desirable to assess the quality of the CLEANed images. One
way of doing this is to look for any residual stripes or patterns in the image
background. Errors in the visibility amplitude will tend to produce even
or symmetric patterns (cosine errors), while visibility phase errors will tend
produce odd or un-symmetric patterns (sine errors). The dynamic range,
DR, determined by the maximum flux density and the estimated background
noise from the image plane, is a measure of the image quality, where;
DR = maximage/rmsbackground, (4.1)
The estimated background noise is a measure of the image plane noise,
and if there is only thermal noise and no other errors, the rms background
noise, the rms error and the rms uncertainty would all be same. Hence if one
wants to measure the uncertainty in a particular measurement containing
only thermal noise, one can estimate the noise from an empty region in
the image plane (the background rms) and hence determine the uncertainty
in the actual measurement of the source. However, important errors can
occur during the deconvolution process, due to limitations in the CLEAN
algorithm, and the noise is often quite higher than the expected theoretical
thermal noise as the background noise is now primarily due to the effect of
these calibration errors, rather than the thermal noise. An additional source
of image plane errors is the effect of any residual errors in the calibration of
the visibilities. The effect of calibration errors is largely multiplicative, which
means that the effect of these calibration errors is probably also larger where
the source brightness is high. This implies that the errors or uncertainty in
the measurement will be higher on-source than further away from the source
and we say that such a measurement is dynamic-range limited. Therefore,
for bright, unresolved sources, dynamic range limitations dominate and not
the thermal noise.
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The dynamic range can be used to compare CLEAN images before
and after calibrations, but in order to determine the quality of the CLEANed
image or the remaining errors, one need to have some idea of the magnitude
to be expected. For the observations discussed in this work, the expected
visibility phase errors in gains are fairly small since I self-calibrated all of the
sources and the calibration errors would then be mainly due to amplitude
errors in the gains.
I calculated the expected theoretical thermal noise for the 2.3-GHz,
2011 observations, using the VLBI Sensitivity Calculator1 for a source at
−60◦ declination. The average value for the theoretical thermal noise is
0.753 mJy/beam and range between 0.617 − 0.889 mJy/beam depending
on the number of antennas and number of scans as per the 2.3-GHz, 2011
observations.
I obtained the background rms from the CLEANed images of my 2.3-
GHz, 2011 observations and found an average rms value of∼ 3.96 mJy/beam,
with the range from 1.03− 8.94 mJy/beam. Comparing the estimated theo-
retical noise with the average measured one shows that the measured noise is
of the order of ∼ 4.5 times higher. The average dynamic range in my images
were DR = 194. Similar results were obtained for the 8.4-GHz observations,
2010.
The fitted value of the beamsize for the 2.3-GHz, 2011 observations
that included the HartRAO antenna is ∼ 2.5 milliarcseconds and for observa-
tions where the HartRAO antenna did not observe I get a beamsize of ∼ 11.5
milliarcseconds. Two of the sources, J0908-5903 and J1524-5903, were ob-
served without either the HartRAO or the Warkworth antenna which gives
the longest and second longest baselines respectively. The fitted value of
the beamsize for these two sources are ∼ 21.5 milliarcseconds. The 8.4-GHz
observations, 2010 have a fitted beamsize of ∼ 4 milliarcseconds.
1VLBI Sensitivity Calculator, http://www.atnf.csiro.au/vlbi/calculator 2009/
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Center at RA 04 50 05.4400000  DEC -81 01 02.200000
BOTH: 0454-810  IPOL  2284.750 MHZ  0454-810.ICL001.2
Grey scale flux range= -14.3 908.1 MilliJY/BEAM
Cont peak flux =  9.0807E-01 JY/BEAM 
Levs = 9.081E-03 * (-0.910, 0.910, 2, 4, 8, 16,
32, 48, 49, 50, 51, 52, 70, 90)





















2.3 GHz, rms = 2.7 mJy
Peak brightness = 0.90807 Jy/beam
Levels = (-0.91, 0.91, 2, 4, 8, 16, 32, 50, 70, 90)
Color scale flux range = -14.3 908.1 mJy/beam
Centre at RA 04 50 05.44 DEC -81 01 02.20
Center at RA 04 50 05.44000000  DEC -81 01 02.230000
BOTH: 0454-810  IPOL  8349.938 MHZ  0454-810.ICL001.9
Grey scale flux range= -0.029 1.473 JY/BEAM
Cont peak flux =  1.4727E+00 JY/BEAM 
Levs = 1.473E-02 * (-1.88, 1.880, 4, 8, 16, 32,






















8.4 GHz, rms = 9.21 mJy
Peak brghtness = 1.4727 Jy/beam
Levels = (-1.88, 1.88, 4, 8, 16, 32, 50, 70, 90)
Color scale flux range = -0.029 1.473 Jy/beam
Centre at RA 04 50 05.44 DEC -81 01 02.23
Center at RA 04 51 53.3400000  DEC -46 53 19.800000
BOTH: 0450-469  IPOL  2284.750 MHZ  0450-469.ICL001.1
Grey scale flux range= -8.7 157.6 MilliJY/BEAM
Cont peak flux =  1.5757E-01 JY/BEAM 
Levs = 1.576E-03 * (-4.32, 4.320, 8, 16, 32, 50,
70, 90)





















2.3 GHz rms = 2.27 mJy
Peak brghtness = 0.15757 Jy/beam
Levels = (-4.32, 4.32, 8, 16, 32, 50, 70, 90)
Color scale flux range = -8.7 157.6 mJy/beam
Centre at RA 04 51 53.34 DEC -46 53 19.8
Center at RA 05 15 37.3600000  DEC -67 21 28.400000
BOTH: 0515-674  IPOL  2284.750 MHZ  0515-674.ICL001.4
Grey scale flux range= -14.9 424.6 MilliJY/BEAM
Cont peak flux =  4.2455E-01 JY/BEAM 
Levs = 4.246E-03 * (-3.07, 3.070, 4, 8, 16, 32,
48, 49, 50, 51, 52, 70, 90)





















2.3 GHz, rms = 5.12 mJy
Peak brghtness = 0.42455 Jy/beam
Levels = (-3.07, 3.07, 2, 4, 8, 16, 32, 50, 70, 90)
Color scale flux range = -14.9 424.6 mJy/beam
Centre at RA 05 15 37.36 DEC -67 21 28.40
Figure 4.1: Contour Plots of the Sources from the 2.3 GHz (2011) and
the 8.4 GHz (2010) Observations. North is up and east is to the left. Not all
maps have the same scale and the FWHM beamsize is graphically indicated in the
bottom left corner. Both the contours and the color scale show the brightness. The
contour levels is a % of the peak brightness, starting with the first two contours at
±3 × the rms, and the remainder at 2, 4, 8, 16, 32, 50, 70 and 90 %, with the 50%
level represented by a thick black contour.
55
Chapter 4. Results and Discussion
Center at RA 05 40 25.2400000  DEC -53 03 46.800000
BOTH: 0539-530  IPOL  2284.750 MHZ  0539-530.ICL001.4
Grey scale flux range= -14.08 99.57 MilliJY/BEAM
Cont peak flux =  9.9572E-02 JY/BEAM 
Levs = 9.957E-04 * (-15.1, 15.06, 32, 48, 49, 50,
51, 52, 70, 90)





















2.3 GHz, rms = 5. 1 mJy
Peak brghtness = 0.099572 Jy/beam
Levels = (-15.1, 15.1, 32, 50, 70, 90)
Color scale flux range = -14.08 99.57 mJy/beam
Centre at RA 05 40 25.24 DEC -53 03 46.80
Center at RA 07 32 44.3000000  DEC -46 40 17.200000
BOTH: 0731-465  IPOL  2284.750 MHZ  0731-465.ICL001.2
Grey scale flux range= -8.3 388.6 MilliJY/BEAM
Cont peak flux =  3.8864E-01 JY/BEAM 
Levs = 3.886E-03 * (-1.79, 1.790, 4, 8, 16, 32,
48, 49, 50, 51, 52, 70, 90)





















2.3 GHz, rms = 2.32 mJy
Peak brghtness = 0.38864 Jy/beam
Levels = (-1.79, 1.79, 4, 8, 16, 32, 50, 70, 90)
Color scale flux range = -8.3 388.6 mJy/beam
Centre at RA 07 32 44.30 DEC -46 40 17.20
Center at RA 07 43 20.4800000  DEC -56 19 32.900000
BOTH: 0742-562  IPOL  2284.750 MHZ  0742-562.ICL001.2
Grey scale flux range= -25.5 450.5 MilliJY/BEAM
Cont peak flux =  4.5051E-01 JY/BEAM 
Levs = 4.505E-03 * (-3.84, 3.840, 8, 16, 32, 48,
49, 50, 51, 52, 70, 90)





















2.3 GHz, rms = 5.76 mJy
Peak brghtness = 0.45051 Jy/beam
Levels = (-3.84, 3.84, 8, 16, 32, 50, 70, 90)
Color scale flux range = -25.5 450.5 mJy/beam
Centre at RA 07 43 20.48 DEC -56 19 32.9
Center at RA 07 57 14.0700000  DEC -73 53 09.300000
BOTH: 0758-737  IPOL  2284.750 MHZ  0758-737.ICL001.2
Grey scale flux range= -13.3 470.1 MilliJY/BEAM
Cont peak flux =  4.7011E-01 JY/BEAM 
Levs = 4.701E-03 * (-1.73, 1.730, 4, 8, 16, 32,
48, 49, 50, 51, 52, 70, 90)





















2.3 GHz, rms = 2.71 mJy
Peak brghtness = 0.47011 Jy/beam
Levels = (-1.73, 1.73, 4, 8, 16, 32, 50, 70, 90)
Color scale flux range = -13.3 470.1 mJy/beam
Centre at RA 07 57 14.07 DEC -73 53 09.30
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Center at RA 08 42 26.5600000  DEC -60 53 50.400000
BOTH: 0841-607  IPOL  2284.750 MHZ  0841-607.ICL001.2
Grey scale flux range= -15.5 230.2 MilliJY/BEAM
Cont peak flux =  2.3019E-01 JY/BEAM 
Levs = 2.302E-03 * (-4.95, 4.950, 8, 16, 32, 48,
49, 50, 51, 52, 70, 90)





















2.3 GHz, rms = 3.83 mJy
Peak brghtness = 0.23019 Jy/beam
Levels = (-4.95, 4.95, 8, 16, 32, 50, 70, 90)
Color scale flux range = -15.5 230.2 mJy/beam
Centre at RA 08 42 26.56 DEC -60 53 50.40
Center at RA 08 45 02.4800000  DEC -54 58 08.500000
BOTH: 0843-547  IPOL  2284.750 MHZ  0843-547.ICL001.2
Grey scale flux range= -10.2 414.1 MilliJY/BEAM
Cont peak flux =  4.1409E-01 JY/BEAM 
Levs = 4.141E-03 * (-1.72, 1.720, 4, 8, 16, 32,
48, 49, 50, 51, 52, 70, 90)





















2.3 GHz, rms = 2.37 mJy
Peak brghtness = 0.41409 Jy/beam
Levels = (-1.72, 1.72, 4, 8, 16, 32, 50, 70, 90)
Color scale flux range = -10.2 414.1 mJy/beam
Centre at RA 08 45 02.48 DEC -54 58 08.50
Center at RA 09 08 42.3200000  DEC -47 36 50.900000
BOTH: 0906-474  IPOL  2284.750 MHZ  0906-474.ICL001.4
Grey scale flux range= -29.6 317.0 MilliJY/BEAM
Cont peak flux =  3.1699E-01 JY/BEAM 
Levs = 3.170E-03 * (-7.75, 7.750, 16, 32, 48, 49,
50, 51, 52, 69, 90)

















2.3 GHz, rms = 8.19 mJy
Peak brghtness = 0.31699 Jy/beam
Levels = (-7.75, 7.75, 16, 32, 50, 70, 90)
Color scale flux range = -29.6 317.0 mJy/beam
Centre at RA 09 08 42.32 DEC -47 36 50.90
Center at RA 09 08 43.30000000  DEC -47 36 50.000000
BOTH: 0906-474  IPOL  8349.938 MHZ  0906-474.ICL001.6
Grey scale flux range= -13.6 131.3 MilliJY/BEAM
Cont peak flux =  1.3133E-01 JY/BEAM 
Levs = 1.313E-03 * (-10.4, 10.36, 16, 32, 48, 49,






















8.4 GHz, rms = 4.55 mJy
Peak brghtness = 0.13133 Jy/beam
Levels = (-10.4, 10.4, 16, 32, 50, 70, 90)
Color scale flux range = -13.6 131.3 mJy/beam
Centre at RA 09 08 43.3 DEC -47 36 50.00
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Center at RA 09 40 47.3500000  DEC -61 07 28.300000
BOTH: 0939-608  IPOL  2284.750 MHZ  0939-608.ICL001.2
Grey scale flux range= -6.7 215.3 MilliJY/BEAM
Cont peak flux =  2.1526E-01 JY/BEAM 
Levs = 2.153E-03 * (-2.15, 2.150, 4, 8, 16, 32,
48, 49, 50, 51, 52, 70, 90)





















2.3 GHz, rms = .55 mJy
Peak brghtness = 0.21526 Jy/beam
Levels = (-2.15, 2.15, 4, 8, 16, 32, 50, 70, 90)
Color scale flux range = -6.7 215.3 mJy/beam
Centre at RA 09 40 47.35 DEC -61 07 28.3
Center at RA 10 38 40.6500000  DEC -53 11 43.200000
BOTH: 1036-529  IPOL  2284.750 MHZ  1036-529.ICL001.2
Grey scale flux range= -54.3 657.4 MilliJY/BEAM
Cont peak flux =  6.5737E-01 JY/BEAM 
Levs = 6.574E-03 * (-3.19, 3.190, 4, 8, 16, 32,
48, 49, 50, 51, 52, 70, 90)





















2.3 GHz, rms = 6.55 mJy
Peak brghtness = 0.65737 Jy/beam
Levels = (-3.19, 3.19, 4, 8, 16, 32, 50, 70, 90)
Color scale flux range = -54.3 657.4 mJy/beam
Centre at RA 10 38 40.65 DEC -53 11 43.20
Center at RA 11 01 54.3700000  DEC -63 25 22.500000
BOTH: 1059-631  IPOL  2284.750 MHZ  1059-631.ICL001.5
Grey scale flux range= -19.4 721.6 MilliJY/BEAM
Cont peak flux =  7.2161E-01 JY/BEAM 
Levs = 7.216E-03 * (-1.87, 1.870, 2, 4, 8, 16, 32,
48, 49, 50, 51, 52, 70, 90)





















2.3 GHz, rms = 4.50 mJy
Peak brghtness = 0.72161 Jy/beam
Levels = (-1.87, 1.87, 2, 4, 8, 16, 32, 50, 70, 90)
Color scale flux range = -19.4 721.6 mJy/beam
Centre at RA 11 01 54.37 DEC -63 25 22.50
Center at RA 15 15 12.6700000  DEC -55 59 32.800000
BOTH: 1511-558  IPOL  2284.750 MHZ  1511-558.ICL001.17
Grey scale flux range= -6.6 689.7 MilliJY/BEAM
Cont peak flux =  6.8974E-01 JY/BEAM 
Levs = 6.897E-03 * (-0.820, 0.820, 4, 8, 16, 32,
49, 49.50, 50, 50.50, 51, 70, 90)


















2.3 GHz, rms = 1. 9 mJy
Peak brghtness = 0.68974 Jy/beam
Levels = (-0.82, 0.82, 4, 8, 16, 32, 50, 70, 90)
Color scale flux range = -6.6 689.7 mJy/beam
Centre at RA 15 15 12.67 DEC -55 59 32.80
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Center at RA 15 24 51.1200000  DEC -59 03 39.700000
BOTH: 1520-588  IPOL  2284.750 MHZ  1520-588.ICL001.6
Grey scale flux range= -3.7 376.4 MilliJY/BEAM
Cont peak flux =  3.7640E-01 JY/BEAM 
Levs = 3.764E-03 * (-0.820, 0.820, 2, 4, 8, 16,
32, 48, 49, 50, 51, 52, 70, 90)

















2.3 GHz, rms = 1.03 mJy
Peak brghtness = 0.37640 Jy/beam
Levels = (-0.82, 0.82, 2, 4, 8, 16, 32, 50, 70, 90)
Color scale flux range = -3.7 376.4 mJy/beam
Centre at RA 15 24 51.12 DEC -59 03 39.70
Center at RA 16 03 50.6800000  DEC -49 04 05.500000
BOTH: 1600-489  IPOL  2284.750 MHZ  1600-489.ICL001.5
Grey scale flux range= -28.7 223.0 MilliJY/BEAM
Cont peak flux =  2.2299E-01 JY/BEAM 
Levs = 2.230E-03 * (-7.23, 7.230, 16, 32, 48, 49,
50, 51, 52, 70, 90)



















2.3 GHz, rms = 5. 8 mJy
Peak brghtness = 0.22299 Jy/beam
Levels = (-7.23, 7.23, 16, 32, 50, 70, 90)
Color scale flux range = -28.7 223.0 mJy/beam
Centre at RA 16 03 50.68 DEC -49 04 05.50
Center at RA 17 47 20.19000000  DEC -53 10 20.300000
BOTH: 1743-531  IPOL  2284.750 MHZ  1743-531.ICL001.8
Grey scale flux range= -2.7 124.6 MilliJY/BEAM
Cont peak flux =  1.2464E-01 JY/BEAM 
Levs = 1.246E-03 * (-2.60, 2.600, 8, 16, 32, 48,
















2.3 GHz, rms = 1. 8 mJy
Peak brghtness = 0.12464 Jy/beam
Levels = (-2.60, 2.60, 8, 16, 32, 50, 70, 90)
Color scale flux range = -2.7 124.6 mJy/beam
Centre at RA 17 47 20.19 DEC -53 10 20.30
Center at RA 18 59 57.9300000  DEC -66 15 04.300000
BOTH: 1854-663  IPOL  2284.750 MHZ  1854-663.ICL001.2
Grey scale flux range= -30.0 396.9 MilliJY/BEAM
Cont peak flux =  3.9689E-01 JY/BEAM 
Levs = 3.969E-03 * (-6.76, 6.760, 16, 32, 48, 49,
50, 51, 52, 69, 90)

















2.3 GHz, rms = 8.94 mJy
Peak brghtness = 0.39689 Jy/beam
Levels = (-6.76, 6.76, 16, 32, 50, 70, 90)
Color scale flux range = -30.0 396.9 mJy/beam
Centre at RA 18 59 57.93 DEC -66 15 04.30
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Center at RA 20 21 01.3400000  DEC -61 24 49.200000
BOTH: 2016-615  IPOL  2284.750 MHZ  2016-615.ICL001.3
Grey scale flux range= -21.1 146.7 MilliJY/BEAM
Cont peak flux =  1.4666E-01 JY/BEAM 
Levs = 1.467E-03 * (-9.33, 9.330, 16, 32, 48, 49,


















2.3 GHz, rms = 4.57 mJy
Peak brghtness = 0.14666 Jy/beam
Levels = (-9.33, 9.33, 16, 32, 50, 70, 90)
Color scale flux range = -21.1 146.7 mJy/beam
Centre at RA 20 21 01.34 DEC -61 24 49.20
Center at RA 20 21 00.70000000  DEC -61 24 54.000000
BOTH: 2016-615  IPOL  8349.938 MHZ  2016-615.ICL001.4
Grey scale flux range= -7.2 119.1 MilliJY/BEAM
Cont peak flux =  1.1908E-01 JY/BEAM 
Levs = 1.191E-03 * (-4.84, 4.840, 8, 16, 32, 48,


















8.4 GHz, rms = 1.92 mJy
Peak brghtness = 0.11908 Jy/beam
Levels = (-4.84, 4.84, 8, 16, 32, 50, 70, 90)
Color scale flux range = -7.2 119.1 mJy/beam
Centre at RA 20 21 00.70 DEC -61 24 54.00
Center at RA 23 12 55.6200000  DEC -41 26 55.800000
BOTH: 2310-417  IPOL  2284.750 MHZ  2310-417.ICL001.5
Grey scale flux range= -16.0 279.9 MilliJY/BEAM
Cont peak flux =  2.7994E-01 JY/BEAM 
Levs = 2.799E-03 * (-4.39, 4.390, 8, 16, 32, 48,






















2.3 GHz, rms = .31 mJy
Peak brghtness = 0.27994 Jy/beam
Levels = (-4.39, 4.39, 8, 16, 32, 50, 70, 90)
Color scale flux range = -16.0 279.9 mJy/beam
Centre at RA 23 12 55.62 DEC -41 26 55.80
Center at RA 23 29 20.88000000  DEC -49 55 40.600000
BOTH: 2326-502  IPOL  2284.750 MHZ  2326-502.ICL001.3
Grey scale flux range= -10.2 399.0 MilliJY/BEAM
Cont peak flux =  3.9896E-01 JY/BEAM 
Levs = 3.990E-03 * (-2.35, 2.350, 8, 16, 32, 48,
49, 50, 51, 52, 70, 90)



















2.3 GHz, rms = 3.13 mJy
Peak brghtness = 0.39896 Jy/beam
Levels = (-2.35, 2.35, 8, 16, 32, 50, 70, 90)
Color scale flux range = -10.2 399.0 mJy/beam
Centre at RA 23 29 20.88 DEC -49 55 40.60
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4.2 Discussion of Individual Sources
The main results from the 2.3-GHz observations, 2008, were discussed in
§ 3.2.4, page 34 and 3.3.1, page 35, and this section only deals with the
analysis of the results of the 24 potential calibrator sources that were selected
for the 2.3-GHz, 2011, follow-up observations.
For the 2.3-GHz, 2011 observations, the HartRAO antenna provided
the longest baselines and thus the smallest beamsizes (see Table 3.1). Unfor-
tunately, not all of the observations included the HartRAO antenna, resulting
in some of the sources being observed at a much lower resolution than others.
For the purpose of this discussion, sources where the 2.3-GHz, 2011 observa-
tions did not include the HartRAO antenna will be discussed first, followed
by the sources for which the observations did include the HartRAO antenna.
4.2.1 Sources for which the 2011 Observations did not
Include the HartRAO Antenna.
J0450−8101
The visibility plots (amplitude and phase versus u, v distance) shows the
source to be compact on all baselines observed and the CLEANed image
shows a compact central object with no extended structure or additional
components. The estimated flux density for this sources at 2.3 GHz agrees
with the 2006, flux density from the ATCA Calibrator list observed at 2.368
GHz. This source is listed in the VLBI Global Solutions Catalogue, as a good
calibrator source but, flux density measurements are not available. Based on
the results from my 2.3-GHz, 2011 observations it can be concluded that
this source would make a good calibrator for VLBI observations at 2.3 GHz
for baselines up to 18.4 Mλ. The FWHM size indicates that the source
might in fact be compact enough to be used as a calibrator source even on
longer baselines, but more observations would be required to confirm the
compactness of the source on longer baselines.
Similar results are seen for the 8.4-GHz observations, showing a cen-
tral compact object with no extended emission. This source would make a
good calibrator at 8.4 GHz, for baselines up to 44.13 Mλ. Multi-epoch ob-
servations available at 8.4 GHz, from both the ATCA calibrator list and the
LCS experiments, show variable flux density, changing by more than a factor
of two. I plan to do the data reduction and image analysis of the 8.4-GHz
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observations from all of the LCS experiments that included this source, in
order to also compare the structure at multiple epochs.
J0451−4653
As seen from the visibility plots of the 2.3-GHz, 2011 observations it appears
that the source is compact on all baselines observed. The CLEANed image
shows a compact central source with no extended emission or additional
components. The estimates of the FWHM size from the 2.3-GHz 2008, and
2011 observations agree, but the 2011 observations show a factor of ∼ 1.2
lower flux density than the 2008 observations.. The flux density history plot
from the ATCA calibrator list shows the flux density gradually decreasing
from 0.375 Jy in 2006 to 0.250 Jy in 2009, with my 2.3-GHz, 2008 and 2011
observations further confirming this decreasing trend with flux densities at
0.212 Jy and 0.175 Jy respectively. Therefore, although this source appears
to be unresolved, it should be noted that the already low flux density might
decrease even further and that the source should be used with caution as a
calibrator for VLBI.
J0515−6721
The source appear resolved on longer baselines as seen from the visibility
plots. I also noticed that the visibility amplitude on each baseline is stable
but the visibility amplitude jumps up and down as a function of baseline-
length. A sinusoidal pattern of visibility amplitude versus u, v position angle
at u, v distances between 0.47 and 4 Mλ suggests resolved structure. The
CLEANed image shows some structure to the East of the central source.
More observations will be needed to accurately determine the structure of
the source, but it can be confirmed that this source will not make for a good
calibrator on any of the VLBI baselines.
J0540−5303
The visibility plots show the source to be resolved on the longer baselines.
The visibility amplitude on each baseline is stable but the visibility ampli-
tude slightly varies as a function of baseline-length for u, v distances between
0.47 and 4 Mλ, with no clear pattern of visibility amplitude versus u, v po-
sition angle. The CLEANed image show some structure around the central
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object as well as a weaker component to the West of the central object. The
estimated flux density and FWHM size between the two 2.3-GHz observa-
tions agree. However, the flux density is much lower (by a factor of 4) than
the value from the ATCA Calibrator list and flux density history plots from
the ATCA Calibrator list available between 2005 and 2009, show no signif-
icant flux density variation. This might suggest that the source is strongly
resolved, with most of the flux density being on spatial scales smaller than
my shortest baselines. Although further observations would be required to
confirm the structure of the source and the weaker component, this source
will not make a good calibrator for any of the VLBI baselines.
J0732−4640
This source is resolved on longer baselines, with the visibility amplitude
slightly jumping up and down as a function of baseline-length for u, v dis-
tances between 0.47 and 4 Mλ. The CLEANed image shows central object
with no additional structure. The estimated flux density and FWHM size
between the two 2.3-GHz observations agree, and is within a factor of 1.5
from the flux density from the ATCA Calibrator list. This source would not
make a good calibrator on longer VLBI baselines.
J0743−5619 and J0757−7353
Both these sources appear compact on all baselines. However, the visibility
amplitude slightly varies as a function of baseline-length for J0757−7353.
The CLEANed images show a compact core with some extended structure
visible for J0757−7353. For both of these sources, the estimated flux density
and FWHM size from both the 2.3-GHz observations agree. The flux densi-
ties also agrees with that obtained from the ATCA Calibrator list, within a
factor of 1.5. Both sources would make good calibrators for baselines up to
∼18 Mλ. More observations would be required to determine the structure
and confirm the compactness of these sources on longer baselines.
J0842−6053
The source appears compact on shorter baselines, with the amplitude slightly
decreasing with increasing u, v distance. Although the estimated FWHM size
suggest a relatively small source, the visibility plots suggest a slightly resolved
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source. The estimated flux density and FWHM size for both 2.3-GHz obser-
vations agree and the flux density also agrees with the value recorded in the
ATCA Calibrator list. More observations would be required to conclusively
determine the compactness and structure of the source. The source will not
make for a good VLBI calibrator on longer baselines, although it could be
used as calibrator for baselines < 4 Mλ .
J0845−5458
The visibility plots show a compact source on shorter baselines with the
amplitude decreasing gradually with increasing u, v distance. The visibility
amplitude on each baseline is stable but the visibility amplitude jumps up
and down as a function of baseline-length. A sinusoidal pattern of visibility
amplitude versus u, v position angle at u, v distances between 0.47 and 4
Mλ suggests resolved structure. The CLEANed image shows an extended,
single component source with some slight structure seen on both sides of the
source. The estimated flux density and the FWHM size from the two 2.3-
GHz observations agree to within the uncertainty. The estimated flux density
also agrees with the results from the ATCA Calibrator list, although the flux
density history plot from ATCA shows the source to vary from ∼ 0.64−0.87
Jy between 2005 and 2007. This source would not make for a good calibrator
for VLBI and further observations are required to more accurately determine
the structure of the source.
J0908−4736
The visibility plots show the source to be resolved on longer baselines. The
visibility amplitude on each baseline is stable but the visibility amplitude
jumps up and down as a function of baseline-length. A sinusoidal pattern of
visibility amplitude versus u, v position angle at u, v distances between 0.47
and 4 Mλ suggests resolved structure. The CLEANed image shows some
structure to the North of the central component. I performed several rounds
of phase self-calibration on this source, but amplitude self-calibration failed,
which is to be expected since I started with a point-source model. Estimates
of the source flux density and FWHM size of the brightest part of the image
around the phase centre gives a rather extended source with a flux density
that agree with that obtained from the ATCA Calibrator list, but this is
probably not a good fit.
64
Chapter 4. Results and Discussion
From my 2.3-GHz, 2008 observations this source appeared too ex-
tended to serve as a VLBI calibrator. However, the VLBI Global Solution
Catalogue lists this source as a good calibrator, based on the LCS obser-
vations of the source at 8.4 GHz. I also calibrated the 8.4-GHz data for
this source in my 8.4-GHz, 2010 observations. The visibility plots show the
source to be resolved on longer baselines. At 8.4 GHz the source is much
weaker than at 2.3 GHz, although the structure seen to the North in the
2.3 GHz observations are also evident in the 8.4 GHz data. The calibrated
data and image of the source at 2.3 GHz will be added to the VLBI Global
solutions catalogue database and would be available to download from the
catalogue website before the end of 2012. This source would not make for
a good calibrator at 2.3 GHz, but can be used as a calibrator source at 8.4
GHz.
J0940−6107
The source appears to be compact on all baselines. The CLEANed image
shows a compact central object with no additional components. The ATCA
flux density for this source vary from ∼ 0.44 − 0.56 Jy between 2005 and
2007. The flux densities that I obtained from both the 2.3-GHz observations
are slightly lower at ∼ 0.25 Jy. The estimated FWHM size from both the
2.3-GHz observations agree, and confirms that this object is quite compact.
This source could be used as a calibrator for VLBI including baselines up
to ∼17.8 Mλ, but more observations would be required to determine the
compactness of the source on longer baselines.
J1038−5311
The visibility plots show the amplitude to gradually decrease with increasing
u, v distance. The CLEANed image shows a compact central object with
some structure to the South of the central component. The estimated flux
density from the 2011 observations, at 0.77 Jy is ∼ 1.4 times higher than that
obtained from the 2008 observations at 0.5 Jy and the 2006 flux from the
ATCA Calibrator list is at 0.9 Jy. The source would probably make a good
calibrator on baselines up to ∼17.3 Mλ, but the more observations would
definitely be required as the slight downward trend seen in the amplitude
towards longer baselines might imply that the source would be too resolved
on slightly longer baselines.
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J1101−6325
Similar to the previous source, the visibility plots show the source to be com-
pact on all baselines with the amplitude slowly decreasing, with increasing
u, v distance, while the CLEANed image shows a compact single component
source, with some slight structure to the South of the central component.
The estimated flux density from the 2.3-GHz, 2008 observations is 0.6 Jy
and 0.9 Jy for the 2011 observations. The flux history visibility plot from
ATCA show the flux density to vary between 0.6 and 0.85 Jy between 2005
and 2007, and the source is clearly variable, similar to the previous source.
The source would probably make a good calibrator on baselines up to ∼18.5
Mλ, but as with the previous source, would require follow-up observations.
J1524−5903
The visibility plots show the source to be compact on shorter baselines with
amplitudes dropping to zero on longer baselines. The CLEANed image
shows an extended, single component object. The estimated flux density
and FWHM size between the two 2.3-GHz observations agree, but is a fac-
tor of ∼ 1.5 times smaller than the flux density from the ATCA Calibrator
list. From the 2.3-GHz, 2008 observations this source appeared too resolve
to serve as a VLBI calibrator. However, the VLBI Global Solution Catalogue
lists this source as a good calibrator, based on the LCS observations of the
source at 8.4 GHz. The estimated FWHM size, the CLEANed image and
the visibility plots lead to the conclusion that the source is extended and not
suitable as calibrator for VLBI at 2.3 GHz. CLEANed images of the source
at 8.4 GHz would be required to confirm the structure at this frequency.
J1859−6615
At short baselines the visibility plots show what appears to be three different
components in amplitude and the amplitude of each component decrease
with increasing u, v distance. A sinusoidal pattern of visibility amplitude
versus u, v position angle at u, v distances between 0.47 and 4 Mλ suggests
resolved structure. At longer baselines only a single component is seen and
the amplitude drops to zero at the longest baselines. The 2.3-GHz, 2008
observations show only the 0.6 Jy component of the amplitude on shorter
baselines and this could be due to the poorer u, v coverage that did not
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see source structure in certain directions. I performed several rounds of
phase self-calibration, but amplitude self-calibration failed. The CLEANed
image after phase self-calibration shows a compact central object with some
additional structure and components on both sides of the central object. The
fitted values for this source is therefore clearly not reliable and to determine
the source structure would require more observations. The estimated flux
density and FWHM between the 2.3-GHz, 2008 and 2011 observations do
not agree, but this is expected since the 2008 observations clearly did not
see all of the source structure. The ATCA flux density listed for this source
is 0.958 Jy. This source will clearly not make for a good calibrator source
on any of the VLBI baselines, but would make a very interesting source to
study, although more observations would be required.
J2312−4126
This source is similar to the previous source, as the shorter baselines show
what seems to be two components in amplitude that decrease with increasing
u, v distance. Again, as with the previous source only one component is seen
from the 2.3-GHz, 2008 data. The ATCA flux for this source is 1.05 Jy. The
CLEANed image after phase self-calibration shows a central compact object
with additional components on both sides of the source. This sources is listed
in the VLBI Global Solutions Catalogue as an unreliable calibrator and I can
confirm these results. Again, as with the previous source, this source would
be an interesting source to study.
4.2.2 Sources for which the 2011 Observations Included
the HartRAO Antenna.
J1515−5559
The visibility plots show the amplitude for this source to steadily decrease
with increasing baseline length with the amplitude falling to zero at the
longest baselines. The CLEANed image shows a central component, with
some additional extended structure to the East. The estimated flux density
from the 2.3-GHz, 2011 observations at, ∼1.8 Jy, is higher than the flux
density from the ATCA Calibrator list, at 1.12 Jy. However, the ATCA
flux density history plot shows the flux density between 2005 and 2006, to
increase from 1.12 Jy to ∼1.6 Jy. This source would not make for a good
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VLBI calibrator on longer baselines, although it might be a useful calibrator
for observations with baselines < 4 Mλ.
J1603−4904
The visibility plots for this source shows the amplitude to gradually decrease
to zero with increasing baseline length. On the longest baselines, the am-
plitude seem to rise slightly, and then goes to zero again and on shorter
baselines the visibility amplitude on each baseline is stable but the visibility
amplitude jumps up and down as a function of baseline-length. A sinusoidal
pattern of visibility amplitude versus u, v position angle at u, v distances
between 0.47 and 4 Mλ suggests resolved structure. I performed several
rounds of phase self-calibration on this source, but amplitude self-calibration
failed. The CLEANed image after phase self-calibration, shows some addi-
tional structure on either side of the source, explaining the behavior of the
amplitude visibility plot. The estimated flux density agrees with the value
from the ATCA Calibrator list. This source will not make a good calibrator
for any of the VLBI baselines and more observations are required to confirm
and determine the structure of this source.
J1747−5310
The source appears to be compact on all baselines, except for the longest
baselines where the amplitude drops to zero. The CLEANed image shows
a central component with some additional structure to the North and to
the West. The estimated flux density and FWHM size from both 2.3-GHz
observations agree, while the 2006, flux density from the ATCA Calibrator
list is twice as high. This might suggest that the source is strongly resolved,
with most of the flux density being on spatial scales smaller than my shortest
baselines This source would make a good calibrator for baselines up to ∼10.4
Mλ. Between ∼69 - 75 Mλ the source is resolved and would not make for a
good calibrator. Between ∼10.4 - 69 Mλ, I do not have any data and more
observations is required to determine the compactness of the source on these
baseline lengths.
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J2021−6124
The visibility plots show the amplitude steadily decreasing with increasing
baseline length and the visibility amplitude jumps up and down as a func-
tion of baseline-length. I performed several rounds of phase self-calibration
on this source, but amplitude self-calibration failed. The CLEANed image
after phase self-calibration shows a central component with some additional
extended structure on either side. The estimated flux density from the 2.3-
GHz, 2011, observations are slightly higher than the flux density obtained
from the 2008 observations, but is similar to the value listed on the ATCA
calibrator database.
From the 2.3-GHz, 2008 observations, this source appeared too ex-
tended to serve as a VLBI calibrator. However, the VLBI Global Solution
Catalogue lists this source as a good calibrator, based on the LCS observa-
tions of the source at 8.4 GHz. I also calibrated the 8.4-GHz data for this
source in my 8.4-GHz, 2010 observations. At 8.4 GHz the CLEANed image
also shows extended structure on either side of the central compact object.
This source would not be a suitable calibrator for VLBI at both 2.3 and 8.4
GHz. The maintainers of the VLBI Global solutions catalogue and the LCS
have been informed that the source should not be listed as a good calibra-
tor. The image of the source at 2.3 GHz will be added to the VLBI Global
solutions catalogue database and would be available to download from the
catalogue website before the end of 2012.
J2329−4955
This source appears to be compact on all the baselines, including the baselines
of the HartRAO antenna. The CLEANed image shows a compact central
object with no additional components or structure. The estimated FWHM
size confirms that this a very small < 4 milliarcsecond object. The estimated
flux density from the 2.3-GHz, 2008 observations agree with the 2006 flux
density from the ATCA calibrator list at ∼0.4 Jy. However, the 2.3-GHz,
2011 observations give a flux density of almost twice that value at 0.71 Jy.
The ATCA database lists only one observation in 2006 for this source
at 2.3 GHz, but in 2011 it has an observation at 2.1 GHz that show a flux
density of 0.89 Jy. Further investigation of ATCA observations of the source
at 8.4 GHz between 2001 and 2008 show that this source is quite variable
with the flux density changing by more than a factor 2. This source could
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be used as a calibrator for up to 80 Mλ baselines, although the poor u, v
coverage on the longest baselines should be noted.
J1945−5520, J2108−4846 and J2313−4729
The visibility plots for these three sources all show the amplitude to decrease
with increasing u, v distance. The visibility amplitude on each baseline is sta-
ble but the visibility amplitude jumps up and down as a function of baseline-
length. As opposed to some of the other sources with amplitude variability,
these three sources show a variability in amplitude over all the baselines. At
the longest baselines the amplitude go down to zero and then back up again
and down to zero again. I performed several rounds of phase self-calibration
on these sources. Imaging of these sources produced a number of different
results and it seems that there are different CLEAN images that all fit the
data equally well.
If a source is quite simple, for example a circular Gaussian in the image
plane and the u, v plane, then a few measurements in the u, v plane uniquely
determine the circular Gaussian. If, however, the source has complicated
structure in the image plane, then you would need to fill more of the u, v
plane with measurements to be able to uniquely determine the entire shape.
From the visibility plots it seems that these three source have a com-
plicated structure, which is resolved on even the longest baselines, for which
we had very poor u, v coverage. CLEANed images for these sources have not
been included, and more observations with better u, v coverage and baselines
> 18 Mλ are required to determine the structure. Estimates of the source
flux densities and FWHM size have not been obtained from model fitting, as
a Gaussian model is clearly not appropriate.
4.3 Conclusions
From the 24 potential calibrator sources, I found a total of 8 new sources that
can be used as good calibrators for VLBI observations. Of these 8 confirmed
calibrator sources, one source is confirmed to be compact on baselines of up
to 80 Mλ and six sources are confirmed to be compact on baselines of up
to ∼ 18 Mλ and 1 source is confirmed to be compact on up to 10.4 Mλ. In
addition, 2 of the sources can be used as calibrators for baselines < 4 Mλ, but
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on longer baselines the source becomes resolved. This information as well as
the images for these sources will be uploaded to the VLBI Global Solutions
Catalogue database before the end of 2012, and the information and images
will be available on the catalogue website.
Many of the sources that I observed are quite variable, but for the
purpose of phase-referencing VLBI observations, one is only interested in the
compactness of a source. Although a source does not have to have a sta-
ble flux density to be used as a calibrator for phase-referencing purposes, it
should generally be a strong source, and for the purpose of VLBI, should be
at least detectable on all baselines. The flux limits depend on the antenna
sensitivity as well as the bandwidth used and the flux density required would
depend on the unresolved flux on the specific baselines of interest. A par-
ticular source might serve as a good calibrator for a particular observation,
but as these sources are likely variable, its flux density might decrease to
the point where it is not usable on those particular baselines and would only
be useful for more sensitive observations. For this reason it is important
that calibrator sources be monitored on a regular basis and that flux density
history plots be made available to observers.
The remaining 16 sources I examined would not make good VLBI
calibrators, since they seem to have structure which is extended on a scale of
10 milliarcseconds or larger. For some sources I could not reliably determine
the nature of the structure from my observations (which had only relatively
limited u, v coverage for each source). Observations with better u, v coverage
would be required to ascertain the structure of these sources.
It should also be noted that sources that are resolved on longer base-
lines, could still be useful as good calibrators on shorter baselines. The
purpose of this study was to find new calibrator sources in the Southern
Hemisphere that are compact on the ∼10 milliarcsecond scale. Although I
did find new calibrator sources that are compact on these scales, there are
also sources in this sample that are too resolved on these scales, but will
serve as perfectly good calibrators for lower resolution observations. It is
therefore important that images and u, v plots of sources be made available
to observers. The detection of new calibrator sources can only be useful if the
details of the sources are readily available and ultimately it is in the hands
of the observer to make an educated decision on the usefulness of a specific
calibrator source for a particular set of observations.
The calibrator sources that I identified can only be useful to the VLBI
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if they have accurate positions. However, all of the calibrator sources that
I identified at 2.3 GHz have now also been observed as part of LCS at 8.4
GHz, and the 8.4 GHz positions can therefore be used. I am currently in the
process of preparing the final images for both my 2.3 GHz sources as well
as 122 sources from the V271e experiment of the LCS observations at 8.4
GHz. The information and/or images for these sources will be incorporated
into the VLBI Global Solutions Catalogue database, and the data will be
uploaded by the catalogue maintainer, Dr Leonid Petrov. The data and
images will be available for download before the end of 2012 from the VLBI
Global Solutions Catalogue website.
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In recent years weak masers from one of the ground-state lines, at 1720 MHz,
of the OH molecule have been discovered to be associated with a sample of
supernova remnants (e.g. Green 2002). These masers are believed to be col-
lisionally excited behind the shock front where the ejected material from a
supernova explosion rams into the interstellar medium (ISM). Observations
show that these 1720-MHz OH masers trace the post-shock molecular ma-
terial in these regions and have become important indicators of supernova
remnant (SNR)/molecular cloud interactions (e.g. Green et al. 1997). Many
protostellar objects have also been found to be associated with powerful out-
flows that produce nebulous regions of shocked gas and dust showing the
locations of impact between the protostellar outflows and their surrounding
environments. Where these shock regions are observed in the optical range
they are called Herbig-Haro objects (HHOs), and they often show tightly col-
limated outflows, called HH jets. The physical and spectroscopical properties
of maser-emitting SNRs and the shocked regions associated with protostellar
outflows show remarkable similarities and for this reason I believe that it
is possible that some of the shocks associated with these protostellar out-
flows could also support 1720-MHz OH masers. For my masters thesis1, I
conducted a detailed literature survey on the properties of HHOs, in order
to determine whether the conditions can exist behind the shock fronts to
support 1720-MHz OH masers. This chapter serves as an introduction to
the research done for this part of the thesis and provides a summary of the
work that I did towards my masters thesis on masers, maser-emitting SNRs




and protostellar outflows and also gives an account of recent discoveries or
studies in the field.
5.1 Masers in Astronomical Environments
Intense, tightly collimated beams of spectral line emission, called masers,
have been observed throughout the Universe associated with many astronom-
ical objects. The word maser is an acronym for Microwave Amplification by
Stimulated Emission of Radiation, and describes a mechanism (stimulated
emission) by which centimetric radiation (microwave) is amplified. Masers in
astronomical environments occur naturally and are usually associated with
rotational transitions in molecules. Molecules that produce strong masers are
OH, H2O, SiO and CH3OH, and weak masers from NH3, H2CO and HCN
have been observed. Since their discovery these emissions have provided
useful diagnostic information about the molecular gas where they occur.
By modelling maser excitation, limits can be set on the physical con-
ditions of the environments in which they occur (e.g. Lockett, Gauthier &
Elitzur 1999). The positions of maser spots can be determined accurately
using Very Long Baseline Interferometer (VLBI) techniques. By measuring
the positions at different epochs, their proper motions can be determined,
and has been used for example to map the motion of expanding shells of gas
around Mira-type variables (Humphreys 1999) and the expansion of star-
forming regions such as W3(OH) (Braun & Strom 1986; Wright 2001). The
observed line widths of astronomical masers are typically ∆v ∼ 0.2 km s−1,
which means that the radial velocity of the masing gas can be measured to
great accuracy and doppler shifts of maser lines can be used to determine
kinematic distances to the objects in which they occur. In this way they
have been used to estimate the distance to the center of the Galaxy (Reid
& Moran 1988). They can also be used to trace the bulk movement of gas
clouds (Habing et al. 1983). Zeemann splitting of ground-state OH masers
occurs in magnetic fields of milliGauss (mG) strengths and can be used to
measure the magnetic fields in otherwise unobservable regions. The Galactic
magnetic field has been mapped in this way (Reid & Siverstein 1990), and
the magnetic energy density of magnetic fields in star-forming regions has
been found to be comparable to the kinetic energy density.
OH was the first interstellar molecule to be detected at radio frequen-
cies (Weinreib et al. 1963), and it was also the first to be detected as a maser
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in space (Weaver et al. 1965). The rotational spectrum of the OH molecule in
its ground vibronic state is of primary interest to us in this work. Transitions
between the four sub-levels of the ground-state of the OH molecule yield four
spectral lines near the wavelength 18 cm. The two central lines near 1665
and 1667 MHz are the strongest, they are called the main lines; the 1612-
and 1720-MHz lines are weaker, they are called satellite lines. Astronomical
masers are observed in all four of the transitions within the ground rota-
tional state of the OH molecule. Strong main-line masers have been found
toward more than 250 star-forming regions in the molecular material sur-
rounding compact HII regions, where high-mass protostellar sources, ionize
the surrounding gas clouds. In some of these regions, 1612- and 1720-MHz
masers have also been discovered. Main-line masers are also produced in
infrared (IR) luminous galaxies and 1612-MHz OH masers occur in circum-
stellar shells of evolved stars. OH ground state masers are also present in
protoplanetary nebulae and have been detected in comets. Masers in the
1720-MHz line are rather rare, but weak 1720-MHz OH masers have been
detected towards a sample of SNRs and are shown to be collisionally pumped
in the post-shock gas of these SNRs.
5.2 Maser-Emitting SNRs
1720 MHz OH emission in the direction of SNRs was detected for the first
time more than 40 years ago toward the SNRs W28, W44 and IC 443 (Goss
1968; Goss & Robinson 1968; Turner 1969; Robinson, Goss & Manchester
1970; DeNoyer 1979). To date, 1720-MHz OH masers have been found in
about 10 % of the sample of more than 170 SNRs searched (e.g. Yusef-Zadeh,
Uchida & Roberts 1995; Frail et al. 1996; Yusef-Zadeh et al. 1996; Green
et al. 1997; Koralesky et al. 1998; Yusef-Zadeh et al. 1999; Brogan et al.
2004; Hewitt & Yusef-Zadeh 2009). Interferometric observations made by
Frail, Goss & Slysh (1994), towards the SNR W28 conclusively identified the
emission as arising from a maser process and suggested that these masers
may trace sites of SNR/molecular cloud interactions. The inferred interac-
tions have been confirmed by follow-up searches for millimeter or IR emission
from hot molecular gas or from molecules produced by the rich chemistry oc-
curring within the shock front (e.g. Reach & Rho 1998; Frail & Mitchell 1998;
Reynoso & Magnum 2000; Yusef-Zadeh et al. 2001; Lazendic et al. 2002;
Zhou et al. 2009; Lazendic et al. 2010).
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Early work by Elitzur (1976), showed that 1720-MHz OH masers can
be collisionally pumped under the conditions present in SNR/molecular cloud
interactions. Lockett et al. (1999), modelled the excitation of the 1720-MHz
masers in these regions and showed that they can only form under a restricted
set of physical conditions. The model of Lockett et al. (1999) shows that
observable 1720-MHz masers and the physical conditions needed to produce
them can only exist behind the shock front of a C-type or continuous shock,
which occurs when a slow shock with a magnetic field of a few mG moves
into a dense molecular cloud. In order to get detectable maser amplification
theses shocks need to be transverse to the line of sight to get the largest
velocity coherence.
However, it has also been shown that behind C-type shocks all of
the pre-shock oxygen is converted into O2 and H2O, rather than OH, and
the OH necessary for the production of 1720 MHz OH masers in SNRs is
not directly produced by the shock chemistry (Draine, Roberge & Dalgarno
1983; Hollenbach & Mckee 1989; Kaufman & Neufeld 1996). Wardle (1999)
concluded from his modelling and calculations that the soft (∼ 1 keV), X-ray
flux from the hot gas inside some SNRs can produce a sufficient column of
OH behind a C-type shock.
Based on the tight constraints under which the 1720-MHz OH masers
form, they have become important indicators of the location of SNR/molecular
cloud interactions and the presence of C-type shocks. In addition, they also
provide good distance estimates to the SNRs they occur in and can provide
a powerful probe of the magnetic field strength in the post-shock molecular
gas of these SNRs. Polarization studies yielded numerous Zeeman detections
ranging in magnitude from a few mG to a few tenths of mG in agreement
with the C-type shock model required for the production of 1720-MHz OH
masers (Claussen et al. 1997; Koralesky et al. 1998; Yusef-Zadeh et al. 1999;
Brogan et al. 2000).
5.3 The Properties of 1720-MHz OH Masers
in SNRs
Observationally, the 1720-MHz OH masers in SNRs are detected as narrow
emission lines with broad absorption features at 1612, 1665 and 1667 MHz.
These OH lines are distinguished from their HII-region counterparts in having
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emission only at 1720 MHz, with maser lines showing relatively low degrees of
linear and circular polarization, with much broader line widths (1−2 km s−1)
and simple line profiles. The wider line widths and lack in polarization is
believed to be due to the blending of maser spots at slightly different velocities
behind the shock front.
The measured intrinsic scale sizes of these masers tend to be sev-
eral orders of magnitude larger than those of their HII -region counterparts
(Claussen et al. 2002; Hoffman et al. 2003; Brogan 2007). A core/halo struc-
ture is observed for all maser spots, with cores having a physical size of less
than ∼ 60 AU surrounded by halos of 135 − 270 AU (Hoffman et al. 2003).
These masers are also much weaker (. 1 Jy) than their HII -region coun-
terparts and they have not been observed to be accompanied by any other
maser species (e.g. Claussen et al. 1999; Fish, Sjouwerman & Pihlstro¨m
2007).
The 1720-MHz emission is also unusual in that extended, weak emis-
sion with narrow line widths have been detected surrounding the strong com-
pact maser sources (Yusef-Zadeh 2006; Yusef-Zadeh et al. 2003) and are be-
lieved to be produced by weak amplification in the OH line behind a face-on
shock as opposed to the edge-on geometry required by maser spots. Such
spatially extended emission appears to be a common phenomena that traces
the large-scale interaction in maser-emitting SNRs (Hewitt, Yusef-Zadeh &
Wardle 2008).
5.4 Protostellar Outflows and HHOs
Star formation occurs deep inside clouds of gas and dust and is accompanied
by accretion via circumstellar discs and envelopes and often show giant HII
and ultra-compact HII (UC-HII) regions. Star formation is also accompa-
nied by the ejection of mass from protostellar sources via winds and outflows
and where these outflows ram into the gas of their ambient cloud, regions
of shocked gas are formed. The observed emission at different wavelengths
and from various atomic and molecular species can be analyzed to yield valu-
able insight into the physical processes occurring in these objects which, in
turn, hold essential clues to the birth and early evolution of their protostars.
Protostellar outflows also give us the opportunity to study the physics of




Where the overlying extinction is low enough to permit optical obser-
vations, structures called Herbig-Haro objects (HHOs), have been observed
in the vicinity of these protostellar sources. HHOs are nebulous regions of
shocked gas and dust that show the locations of impact between the proto-
stellar outflows and their surrounding environments and is one of the first
optical signposts of very recent star formation. The emission-line properties
of these HH objects imply that the gas is excited by shock waves (Schwartz
1975; 1978), and the characteristic low-excitation emission lines in the optical
spectral range set them apart from HII regions.
HHOs are sometimes observed as isolated entities and sometimes as
a collimated chain of knots called HH jets. Shocks formed at the terminal
working surface occur where the protostellar outflows ram into the gas of
their ambient cloud and these shocks are often observed to have bow shaped
spatial structure. Internal working surfaces occur when blobs of material
ejected from the protostellar source, at different velocities and times, col-
lide and manifest as knots or jets. Outflows from large-scale associations of
HHOs, with outflow velocities of tens to hundreds of kilometers, are known
as HH flows. These outflows have dimensions ranging from 1 to over 7 pc
and contain morphological structures such as bow shocks, jets, and blobs
separated by regions seemingly devoid of emission.
HHOs show a bewildering variety in morphology, excitation condi-
tions and velocity fields. While the most famous images of HHOs show
well-collimated jets ending in bright, symmetric bow shocks, such fine mor-
phologies are limited to only a few cases. Most HHOs have chaotic, hard-
to-interpret morphologies and these morphologies are mainly due to the dif-
ferent environments in which they occur, the chaotic nature of their shocks,
differing extinction towards the sources, and the evolutionary stage of the
outflow. For this reason, HHOs are not only important in identifying young
star-forming regions, but reveal much detail to aid in the study of outflow
dynamics in young stars.
Many HHOs have also been found to be accompanied by strong, NIR
(near-infrared) lines from the H2 molecule, at 2.12 µm. Modelling of HHOs
showing symmetric bow shocks (e.g, HH7 by Smith, Khanzadyan & Davis
2003), have been successful in explaining the observed emission from both the
optical and NIR emission lines. These models show the bow shock gradually
changing from a dissociative J-type shock (discontinuous/jump shock) at
the apex of the bow to a weaker C-type shock (continuous shock) along
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the wings of the bow where molecules are only excited and not dissociated.
The optical and NIR emission from atoms are observed at the apex of the
bow and molecular NIR lines are observed in the wings of the bow. The
most prominent emission lines associated with J-type shocks are Hα, [O III]
and [S II] in the optical and [Fe II] in the NIR, with the higher excitation
lines occurring nearer to the apex. In C-type shocks the emission comes
predominantly from the 2.12 µm line of H2 in the NIR.
Although HHOs are identified and classified based only on their op-
tical emission lines, some protostellar outflows have been detected only in
the NIR lines of the H2 molecule. In the catalogue of HH objects
2 (Reipurth
2000), two objects detected only in the NIR lines of the H2 molecule, HH121
and HH211, were included because they showed strong morphological sup-
port for classification as HH flows. Since then, however, no purely NIR
emitting objects have been included in the catalogue or classified as HHOs.
Although high-mass protostars also produce powerful outflows during their
formation, HHOs are mostly associated with outflows from low-mass, low-
luminosity objects. High-mass protostars are relatively rare and are often
found at much larger distances from us than the low-mass objects and tend
to be embedded in massive and high-opacity molecular cloud cores than can
obscured these flows from optical view. Where the extinction is not too great,
some high-mass protostars have been seen to excite visible HHOs (Reipurth
& Bally 2001) and have been added to the catalogue of HHOs. The spatial
extents, masses, and mechanical luminosities of outflows do roughly scale
with source luminosity and thus the more luminous, high-mass protostars
tend to produce larger and more luminous outflows. Although the high-mass
protostellar complex HH80/81 exhibits the highest velocities of any HH flow,
there is no clear dependence of flow speed on source luminosity.
5.5 Maser Emission from Protostellar Out-
flows
It is well known that water masers at 22.2 GHz are associated with high-mass
star formation, and are often observed from molecular material surrounding
HII and UC-HII regions. 22.2 GHz water masers have also been found to




trace protostellar outflows in both low- and high-mass star formation regions,
with the shocked regions providing the excitation mechanism for the masers.
The detection of H2O masers associated with these outflows have provided
useful information on the velocities, kinematics and the physical conditions in
these environments. Because of the restrictive set of conditions under which
1270-MHz OH masers in SNRs are formed, the detection of similar maser
lines towards protostellar outflows would provide additional constraints on
the conditions in the shock fronts of these protostellar outflows and could
ultimately be used in hydrodynamic models to constrain the parameter space.
In addition, the detection of OH masers toward protostellar outflows may be
an important way to probe the distribution of this important molecule in
interstellar shocks at arcsecond resolutions or better.
The spectroscopic properties of the regions surrounding the 1720-MHz
OH masers in SNRs and the shock fronts of protostellar outflows, in many
cases, show remarkable similarities. Predictions from magneto-hydrodynamic
models of a number of HHOs also show that many of the physical properties
of these objects and the molecular gas surrounding them are within the limits
required for the formation of 1720-MHz OH masers. Unfortunately, detailed
magneto-hydrodynamic modeling of bow shocks has only been done for a few
HHOs and even though these models can make predictions of the physical
properties of these shocks there are insufficient observations at present to
constrain the parameter space. However, the shocks in HHOs have a wide
range of physical conditions and the parameter space in which these shocks
can occur is extensive, hence it is possible that some of these objects could
support 1720-MHz OH masers. There have also been no systematic blind
searches of the Galaxy for 1720-MHz OH masers so many sources could be
undetected.
A recent survey of OH ground-state masers, towards a number of high-
mass protostellar objects, confirms that OH masers are not only a common
occurance towards HII and UC-HII regions, but also towards less evolved
high-mass sources where no HII regions are detected (Edris, Fuller & Cohen
2007). Argon, Reid & Menten (2003) reported weak OH main-line masers
in the W3(OH) region that appear to form at the edges of the molecular
outflow of a high-mass protostellar source, the Turner-Welch object, which
also drives H2O masers. They suggest that protostellar outflows may be
an important mechanism for the production of weak OH masers when no
ionizing stars are present. Edris et al. (2007) also detected in some sources
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weak OH maser emission only in the 1720 MHz line and they also suggest
that these masers may be tracing the post-shock gas in the molecular outflows
of these sources, although confirmation of this interpretation still requires
detailed follow-up observations. It is also suggested that some of the sources
mapped by Foster & Caswell (2000) containing both OH and H2O masers
but no continuum emission could be associated with protostellar outflows,
as well as the Orion-KL/IRc2/Source I masers detected at 1612, 1665 and
1667 MHz. The OH masers associated with protostellar outflows appear to
be much weaker than those associated with HII regions and it is suggested
that previous, less sensitive observations could have missed (or dismissed) a
significant population of weak OH maser sources.
In Chapter 9, I will discuss in more detail the physical properties
of HHOs compared to those required by maser-emitting regions in SNRs.
The probability of detecting OH masers associated with HHOs will be dis-




Single Dish Observations and
Results
With the goal of finding 1720-MHz OH maser emission associated with
HHOs, I initiated a two-part survey to search for OH masers toward a selected
number of HHOs. In the first part of the survey I identified OH line emission
towards a large number of HHOs through observations with a single-dish
radio telescope and in the second part of my survey, radio interferometric
observations of a number of sources with positive detections have been made
to confirm the presence of maser emission. This chapter describes the over-
all observing procedure followed and the data reduction and results of the
single-dish observations are described.
6.1 Survey and Observing Strategy
An efficient way to search a large number of sources for a particular, weak
astrophysical feature is to make the first observations with a single-dish tele-
scope of moderate resolution and high sensitivity. For this reason my survey
is composed of two parts. First, I identified OH line emission towards HHOs
doing single-dish observations. The flexibility and speed with which many
sources can be measured has allowed me to cover the majority of my sources
in a relatively short period. Follow-up observations with large radio interfer-
ometers are required to confirm the presence of maser spots. In the second
part of my survey, I made interferometric observations of a number of sources
with positive detections from the single-dish observations. This two-part pro-
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cedure was used with great success in the surveys for 1720-MHz OH masers
towards SNRs (Yusef-Zadeh et al. 1995; Frail et al. 1996; Yusef-Zadeh et al.
1996; Green et al. 1997; Koralesky et al. 1998; Yusef-Zadeh et al. 1999).
I have restricted my initial survey to those HHOs located in the north-
ern hemisphere. Not only are the largest single-dish telescopes located in the
northern hemisphere, but most arrays of radio telescopes are north of the
equator. Hence, if follow-up observations need to be done, the sources must
be visible with arrays such as the VLA (Very Large Array) and MERLIN
(Multi-Element Radio-Linked Interferometer). Also, only a small number of
HHOs have been discovered in the southern hemisphere probably because of
fewer observations to search for HHOs towards the southern skies.
6.2 Source Selection
Only 10% of SNRs searched showed 1720-MHz OH masers. If the same
statistics apply to HHOs, a large number of sources need to be surveyed to
find at least a few detections of maser emission. Although more than 400
HHOs have been recorded in Reipurth’s catalogue, many more HHOs have
been discovered since the last publication of the catalogue in 1999. However,
I have chosen only objects currently included in the Reipurth’s catalogue,
as those are the objects that were discovered first, mainly because they are
the strongest in the optical range and thus easiest to pick up, and therefore
they should be the closest, brightest and less obscured protostellar outflows.
Because the OH masers are likely to be weak, the nearest sources have the
best chance of being detected. A sample of 97 HHOs were selected from
Reipurth’s catalogue.
As explained in the previous section, I have restricted my initial sur-
vey to those HHOs located in the northern hemisphere. The nearest HHOs
in Reipurth’s catalogue were considered as primary targets but some more
distant objects were also included to fill in the observations. I have included
all HHOs for which extensive observations and/or modelling are available in
the literature, specifically those sources where a case has been made in the
literature that C-type shocks are present.
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6.3 Observations and Data Reduction
I applied for time on the Greenbank Telescope (GBT), and observations at
1720-, 1665- and 1667-MHz were made on February 05 and 07, 2005. The
7.2′ beam width of the telescope resulted in many of the observations having
more than one object in the field-of-view. A total of 45 observations were
made, which included a total number of 97 HH objects (see Table 6.1). The
quadrants of the spectral correlator were configured for the OH groundstate
lines at 1720-MHz and 1667-MHz in LCP (left circular polarization) and RCP
(right circular polarization). A bandwidth of 12.5 MHz provided a resolution
at 1720 MHz of 1.6 kHz per channel, corresponding to a velocity coverage of
more than 2000 km s−1 at a velocity resolution of 0.13 km s−1. Observations
were done in frequency switching mode using half the integration time of 15
mins per source for the nominal frequency and the other half shifted by 1
MHz. This corresponds to a velocity shift of 349 km s−1 at 1720 MHz.
Prior to the observations, various tools were used to determine the co-
ordinates and scheduling of the sources for each of the observations. B1950.0
coordinates were obtained from Reipurth’s catalogue and was imported into
the Cartes Du Ciel Sky Charts1 software to obtain the J2000.0 coordinates.
The J2000.0 coordinates were checked with those obtained from the SIM-
BAD2 database. The Cartes Du Ciel software was also used to determine
where the pointing centre for each of the observations should be in order
to get the maximum number of sources within the field-of-view for each of
the observations and was also used to determine the scheduling of the ob-
servations to ensure that all of the sources were observed in the time frame
allocated.
The coordinates of the pointing centers as well as the HHOs within
the field-of-view for each of the observations are presented in Table 6.1. It
should be noted that for each of the observations the object of most interest
has been chosen to be at or close to the pointing centre and those objects
are listed in boldface in Table 6.1. Any future reference to a specific GBT
observation would refer only to the object at or closest to the pointing centre.
After the observations, the GBT spectra were converted to SDFITS
format at Greenbank and processed further using GBTIDL3. The data were
1Cartes du Ciel, Skycharts, http://www.ap-i.net/skychart/start, 2011
2SIMBAD Astronomical Database, http://simbad.u-strasbg.fr/simbad, 2012
3GBTIDL: Data Reduction for the GBT Using IDL, http://gbtidl.nrao.edu
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folded and calibrated to Janskys. Linear baselines were fitted over selected
spectral regions where lines occurred and subtracted from the data so that
the zero-level for line profiles could be found. LCP and RCP data were an-
alyzed separately. Where lines are present in the spectra, Gaussian profiles
were fitted by least squares, using the interactive FITGAUS routine, and the
parameters for the line profiles tabulated. In the case of linearly polarized
data the LCP and RCP lines were fitted separately and when no significant
linear polarization was seen, the LCP and RCP data were combined. The
fitted Gaussians were subtracted from the data, and in no case were residuals
larger than that expected from the noise.
Table 6.1: HHOs selected for observations with the GBT. The J2000 coordinates
of the pointing centre for each of the observations are listed as well as the HHOs
included in each observation. The regions in which these objects occur as well as the
distance to these objects, as obtained from Reipurth’s catalogue, are also listed. The
order in the table is by ascending RA.
RA (J2000)2 Dec (J2000) Objects contained1 Region Distance
in pointing
dd mm ss.s dd mm ss.s HH Name pc
00 37 13.99 +64 04 17.0 HH288 Cassiopeia 2000
03 01 32.70 +60 29 12.0 HH163 IC 1848A 2200
03 27 18.66 +30 17 20.1 HH279 L1455 300
03 28 49.69 +31 01 13.4 HH14 NGC 1333 220
03 28 57.56 +31 20 08.0 HH6/12/334 NGC 1333 220
03 28 58.94 +31 08 00.3 HH13/15/16/ NGC 1333 220
341/342/343/350
03 29 08.10 +31 15 26.4 HH5/6/7/8/9/10/ NGC 1333 220
11/344/345/346/34
03 29 20.36 +31 12 50.2 HH5/345/346/ NGC 1333 220
347/348/349
03 29 26.38 +31 07 38.4 HH18 NGC 1333 220
03 43 56.19 +32 00 51.9 HH211 IC 348 300
04 14 17.09 +28 10 58.9 HH220 L 1495 140
04 18 51.39 +28 20 25.8 HH156 L 1495 140
Continued on Next Page. . .
1In many cases, for a single observation more than one HHO fell within the field-of-view
and these objects are listed for each of the observations. The object in boldface is the
object that was of most interest for that specific observation and also the object that would
be at or close to the pointing center. Any future reference to a specific GBT observation
would refer only to the object in boldface.
2Coordinates correspond to the pointing center for each of the observations and does
not necessarily correspond to the coordinates of any of the objects that fell within the
field-of-view.
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Table 6.1 – Continued
RA (J2000) Dec (J2000) Objects contained Region Distance
in pointing
dd mm ss.s dd mm ss.s HH Name pc
04 22 00.70 +26 57 42.2 HH157/276 L 1495 140
04 27 01.77 +26 05 43.6 HH158/159 Taurus 140
04 28 17.93 +26 17 46.7 HH31 B218 140
04 38 28.15 +26 10 54.7 HH230/233 Taurus 140
04 42 37.29 +25 15 45.7 HH231 Taurus 140
05 07 49.51 +30 24 07.0 HH229 RW Aur jet 140
05 34 11.38 −06 34 00.1 HH84 L1641 470
05 35 17.81 −06 17 42.3 HH33/40/85/ L1641 470
322/323
05 35 29.91 −06 27 00.5 HH34/134 L1641 470
05 36 00.15 −06 35 59.4 HH86/87/88/ L1641 470
173/327
05 36 05.23 −05 03 44.2 HH128 L1641 470
05 36 17.23 −06 42 27.5 HH1/3/35/144/ L1641 470
145/147/148
05 36 21.23 −06 46 07.4 HH1/2/144/145/ L1641 470
146/147/148
06 39 05.82 +08 51 26.7 HH39 R Mon 800
06 41 02.46 +10 15 04.9 HH124 NGC 2264 800
18 29 18.89 +01 14 17.5 HH106 Serpens 310
18 29 48.12 +01 25 57.4 HH107 Serpens 310
18 35 36.14 −00 35 09.3 HH108/109 Serpens 310
18 54 05.77 +00 32 40.4 HH172 Aquila 500
19 17 57.36 +19 11 56.4 HH223 L723 300
19 36 51.62 +07 34 10.2 HH119 NGC2264/B335 250
20 45 53.74 +67 57 43.4 HH215/415 L1158 500
20 55 10.34 +77 31 26.9 HH199/200 L1228 300
20 59 11.96 +78 22 53.4 HH198 Cepheus 300
21 42 26.81 +66 04 27.8 HH103/232/237/ NGC 7129 1000
238/239/242
21 42 40.29 +66 05 41.6 HH103/167/232/236/ NGC 7129 1000
237/238/239/242
21 43 06.63 +66 06 54.7 HH105/167/234/236/ NGC 7129 1000
237/238/239/242
21 43 29.70 +66 08 38.1 HH234/105/167/ NGC 7129 1000
235/236
22 19 38.65 +63 32 38.3 HH251/252/253/ S 140 900
254
22 35 24.42 +75 17 06.3 HH149 L 1251 300
22 38 38.83 +75 10 37.3 HH189/364 L 1251 300
22 56 03.54 +62 02 01.3 HH168/169 Cep A 700
22 56 58.53 +62 01 42.4 HH169/174 Cep A 700
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6.4 Results
The GBT spectra showed the 1720-MHz line exclusively in emission towards
17 of the fields observed, while only absorption lines were detected towards 4
of the observed fields. The 1720-MHz spectra also showed a combination of
both absorption and emission profiles towards 5 of the observed fields, while
no 1720-MHz lines were detected for 14 of the fields observed.
The GBT data showed no detectable emission or absorption from the
1720-, 1665- or 1667-MHz lines for spectra towards HH163, HH229, HH128,
and HH39. The remaining spectra show 1665- and 1667-MHz OH emission
lines for all but one of the observations, that show 1665 and 1667 MHz in
absorption. No sources had only 1665 or only 1667 MHz emission. The 1720-
MHz profiles coincides in velocity with the 1665- and 1667-MHz emission pro-
files and as mentioned above show examples of pure noise, pure absorption,
pure emission and combined emission and absorption.
Line widths for emission lines range between 0.12 - 3.2 km s−1 and
peak flux densities for emission lines range between 0.02 - 0.81 Jy. The
observed emission lines are all weak and with the exception of a few sources
all the emission spectra exhibit single feature spectra with no or weak linear
polarization and line widths broader than that expected for a single maser
spot. Some of the emission spectra do show some structure and these could
be attributed to multiple lines, not entirely resolved in velocity. Apart from
HH288 and HH172, all of the spectra have peak local-standard-of-rest (LSR)
velocities between ∼ -10 and 12 km s−1. The parameters of the Gaussian
profiles fitted to the data are listed in Table 6.2; and the spectra are shown
in Figure 6.2 at the end of the chapter.
Similar observations toward a sample of HHOs, using the 100m Ef-
felsberg telescope were made including only the 1720-MHz OH line in both
LCP and RCP towards 74 positions (de Witt & Smits 2007). These obser-
vations show similar 1720-MHz line profiles as those detected with the GBT
telescope. The Effelsberg observations led to the detection of 10 sources of
emission, 11 sources of absorption, and 5 sources with emission and absorp-
tion and 34 non-detections in the 1720-MHz OH transition. Figure 6.1 shows
the distribution of all the observations from both surveys across the sky and
indicate that they are randomly distributed across the plane of the Galaxy,
with no preference to specific regions being responsible for a specific type
of 1720-MHz OH profile. In some cases, examples of 1720-MHz OH profiles
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1720 MHz OH Emission
1720 MHz OH Absorption
1720 MHz OH Emission and Absorption
No 1720 MHz OH Detection
Galactic Plane
Figure 6.1: Distribution of OH detections on the plane of the sky, for observations
from the GBT and Effelsberg Telescopes.
with no detections, emissions, absorptions and emission/absorption profiles
are seen within the same region.
6.5 Conclusion
Generally, the 1720-MHz OH masers associated with SNRs are weak, narrow
lines, with broad line absorption features at 1665 and 1667 MHz. Therefore,
the detection of emission lines at 1720 MHz with no corresponding 1665 and
1667 MHz emission would be a strong indicator of maser spots. Although
positive detections of 1720 MHz emission have been made for a number of
the GBT observations, none of the sources show unambiguous 1720-MHz OH
maser emission, i.e. 1720 MHz in emission 1665 and 1667 MHz in absorption.
Single-dish radio observations of weak masers often show emission
spectra with line profiles very similar to that seen for thermal and quasi-
thermal emission and it is not always easy to identify non-thermal emission
(such as maser emission) from single-dish observations. Although most of the
OH spectra from the GBT observations seem to be thermal or quasi-thermal
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emission, some of the spectra do appear to have properties indicative of non-
thermal emission and it is possible that some of these emission lines could
be multiple lines that are unresolved in velocity.
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Chapter 6. Single Dish Observations and Results
(a) HH288 (b) HH279 (c) HH14
(d) HH12 (e) HH15 (f) HH7
Figure 6.2: The OH spectra obtained from the GBT observations. The Gaussian
fits to the data are shown in black.
Red: 1720-MHz, Green: 1665-MHz, Blue: 1667-MHz.
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(a) HH5 (b) HH18 (c) HH211
(d) HH220 (e) HH156 (f) HH157
(g) HH159 (h) HH31 (i) HH230
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(a) HH231 (b) HH84 (c) HH33, LCP
(d) HH33, RCP (e) HH34 (f) HH86
(g) HH3 (h) HH144 (i) HH124
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(a) HH106 (b) HH107 (c) HH108
(d) HH172 (e) HH172, LCP (f) HH172, RCP
(g) HH223 (h) HH119, LCP (i) HH119, RCP
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(a) HH215 (b) HH200 (c) HH198
(d) HH232 (e) HH238
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(a) HH167 (b) HH234 (c) HH252





From my single-dish, GBT observations I have not found any OH spectra
that are similar to those observed for shocked-excited 1720-MHz OH masers
detected towards SNRs. I did however identify several spectra that appear
to have non-thermal OH main-line emission, that could be possible maser
emission. This chapter reports on the analysis of the line profiles observed
from the GBT observations. A description on the identification of maser
and thermal emission from single-dish data is followed by a detailed descrip-
tion of the results of these observations and the line profiles for each of the
observations is discussed in more detail.
7.1 Analysis of the Single-Dish GBT Data
7.1.1 Identifying Maser Emission from Single-Dish Data
Within the Milky Way, OH masers are mostly associated with evolved stars
(stellar masers) or regions of high-mass star formation (interstellar masers).
OH masers are often found toward high-mass star-forming regions and ex-
tensive surveys of all four 18 cm OH lines have been carried out (e.g. Turner
1979; Caswell & Haynes 183; Caswell & Haynes 1983; Slysh et al. 1994;
Slysh, Dzura, Val’tts & Ge´rard 1997; Szymczak & Ge´rard 2004). These
masers are generally associated with HII and UC-HII regions and are be-
lieved to be pumped by a far-IR (FIR) radiation field. Main-line OH masers
(1665 and 1667 MHz), have been found in more than 250 star-forming regions
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and in about 10% of these sources 1612- and/or 1720-MHz masers have also
been discovered. In addition, Argon et al. (2003), detected 1667- and 1665-
MHz OH masers associated with the outflow from the high-mass protostellar
source, the Turner-Welch object and 1720-MHz OH masers have been found
toward a sample of SNRs.
The single-dish GBT survey targeted a sample of Galactic HHOs, all
of which were within regions of active star formation. For this reason any
detection of maser emission from the GBT data would most probably show
similar behavior and have similar line profiles to the ground-state OH maser
lines detected in previous surveys toward star-forming regions.
A clear indication of OH ground-state maser emission from single-
dish observations toward any region would be a combination of the following
properties of the spectra;
• narrow line widths ( 1 km s−1) for masing lines
• Maser lines are stronger than those expected for thermal emission from
the same region and have non-thermal flux density line ratios
• some degree of linear and/or circular polarization
• multiple spectral features or structure in a single spectral feature
• one or more lines in emission while the other lines are in absorption or
absent
• Variability over time
The listed properties of maser lines are those exhibited by observed
Galactic masers in star-forming regions, and these are the criteria that I have
used to distinguish maser lines from thermal ones. It should, however, be
noted that it can not be concluded that a line profile with one or some of
these properties is without a doubt an example of maser emission. Thermal
emission can for various reasons display one or more of these properties.
For example, multiple lines or line profiles with some structure could be the
result of thermal emission from two different sources along the same line of
sight, but at different distances and slightly different velocities. However, it
is also important to note that one might be dealing with maser emission even
though many of these properties can not be seen in the spectra. In the case
of 1720-MHz OH masers associated with SNRs, the line profiles differ from
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emission and absorption patterns that are generally found in star-forming
regions, with weak emission, relatively low degrees of linear and circular
polarization and broader line widths with smooth single-line profiles. The
masers associated with the outflow from the Turner-Welch object detected by
Argon et al. (2003), also show weak emission and although the they do show
significant linear polarization they appear as broad, single spectral features
in single-dish observations.
7.1.2 Properties of OH Masers in Star-Forming Re-
gions
The results from many observations of the OH ground-state lines towards
HII and UC-HII regions show that the 1665-MHz line is seen in almost all of
the maser sources and roughly 70% of these are accompanied by the 1667-
MHz line. The 1665-MHz line is usually much stronger than the 1667-MHz
line, but in some cases the 1667-MHz line has been found to be considerably
stronger. Broad absorption features are also often seen in the main lines,
with main-line maser lines superimposed on the absorption features. Main-
line masers at 1665- and 1667-MHz are dominant in these regions and maser
emission of the satellite lines are scarce and are almost always associated with
the main lines. The scarcity of satellite maser lines lead to the conclusion
that conditions needed to excite these lines are much less common in these
regions.
Maser emission of the satellite lines at 1612 and 1720 MHz never oc-
cur simultaneously in the same source or at the same radial velocity, and
when lines from both satellite transitions are seen they always show conju-
gate behavior, with one of the lines in emission and the other in absorption.
Conjugate behavior is related to the OH column density, where absorption
at 1612 MHz and emission at 1720 MHz is a signature of low column density
of OH molecules while the inverse case occurs for regions of higher density.
In some cases the satellite lines have been seen to exhibit a change from
emission to absorption (or vice versa) in one of the satellite lines, with con-
jugate behavior in the other satellite line. This pattern of reversal of the
satellite-line inversion shows a crossover point near the line centre where all
transitions are approximately thermal. One part of the spectrum is seen for
the blue-shifted part of the profile while the inverse case occurs for the red-
shifted part of the profile. This behavior was predicted by the OH pumping
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model with non-local overlap from Lucas (1980) and is likely due to pumping
from strong IR radiation fields. In this scenario lower and higher velocity gas
would have different OH column densities that would preferentially pump
either the 1612-MHz or the 1720-MHz line. In a survey of the OH ground-
state lines toward high-mass star-forming regions, Szymczak & Ge´rard (2004)
showed that more than 80% of the sources they detected that had conjugate
behavior of satellite lines are associated with OH masers.
The OH masers associated with the outflow from the Turner-Welch
object have maser lines for both the 1665- and the 1667-MHz transitions,
with the 1665-MHz line stronger than the 1667-MHz line. The emission
detected from my GBT observations at 1665 and 1667 MHz, that appear to
be non-thermal, could be associated with HH outflows, similar to the masers
detected from the outflow of the Turner-Welch object.
7.1.3 Identifying Thermal Emission from Single-Dish
Data
Weak OH emission is present throughout much of the Galaxy, but in most
cases it is from extended sources (Haynes & Caswell 1977; Turner 1979,
1982). OH is an excellent tracer of large scale molecular distribution, because
it is often observed in absorption, even against weak continuum sources.
Extended, thermal lines from the 18 cm OH transitions have been observed
in both emission and absorption and are commonly found toward regions of
modest density and extinction.
Theory shows that in the absence of external radiation the equilibrium
intensities of the 18 cm OH lines should be equal to each other in optically
thick sources, and in optically thin sources, the 1612-, 1665-, 1667- and 1720-
MHz intensity ratios, respectively, is approximately 1:5:9:1 (Elitzur 1992).
Therefore the OH main lines would have a flux density ratio, (1667)/(1665)
of 1, in optically thin sources and a flux density ratio of 1.8 in optically
thick sources. Observationally, the OH main-lines appear in either weak
emission or absorption from most extended clouds and generally show line
strengths expected under local thermodynamic equilibrium (LTE) conditions.
However, the OH satellite lines almost never show line strengths expected
under LTE conditions and usually show conjugate behavior. Observations
of the 18 cm line of OH by Turner (1973), toward 11 dark dust clouds show
that for the main-lines, anomalies in the line intensity ratios and relative line
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shapes, occur for only a few cases. Anomalies where the 1665-MHz line is too
strong relative to the 1667-MHz line appear to be uncommon. However, they
show that anomalous excitation of the two satellite lines occurs in almost
every case with the 1720-MHz line being stronger and the 1612-MHz line
being weaker than expected.
For my sources observed with the GBT, thermal emission from ex-
tended sources should show flux density ratios between 1 and 1.8 for the
main-lines with no polarization. Main-line ratios outside the 1-1.8 range is
indicative of anomalous OH emission and suggest possible maser emission.
For comparison, the 1665- and 1667-MHz OH masers associated with the
outflow from the Turner-Welch object have a main-line flux density ratio of
0.8, with the 1665-MHz line (0.25 Jy) having a higher flux density than the
1667-MHz line (0.20 Jy).
7.2 Molecular Outflows to Probe the Field-
of-View
Molecular outflows are often associated with HHOs and protostellar jets and
are due to ambient material being accelerated by the jet of the protostellar
object. The term ”molecular outflow” usually refers to the CO outflows, as
the bulk of the outflow material is seen in CO, rather than for the H2 regions,
in which only shock heated molecular gas is seen. The millimeter wavelength
transitions of the CO molecule, as opposed to the NIR lines of H2, are excited
in cool gas at temperatures of only a few Kelvin and densities typically found
in molecular clouds or outflows (Eislo¨ffel 1997). These molecular outflows
traced in the lines of the CO molecule are often seen as blue-shifted or red-
shifted outflow lobes on either side of the source, with the peak CO emission
just upstream of the bright, NIR H2 knots. It has been shown that broad
CO lines of ∼ 20 km s−1 and broader are indicative of warm, high-density
shocked gas, while narrow lines ∼ 3 km s−1 are indicative of low density, cold
gas associated with the ambient molecular cloud (Arikawa et al. 1999).
Unlike typical HII region masers, masers associated with outflows are
likely to occur in strongly accelerated material. The most characteristic
aspect of dense gas acceleration is the presence of velocity shifts in the lines
of dense gas tracers, like the CO molecule. The OH masers found toward
the outflow of the Turner-Welch object show maser velocities consistent with
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the shifts in the velocity from the accelerated molecular material across the
source. Molecular clouds are also associated with maser-emitting SNRs, and
CO observations by Zhou et al. (2009) show shells of molecular gas associated
with the SNR Kes 69 at various LSR velocities. The CO peak LSR velocities
are consistent with the LSR velocities measured for the 1720-MHz OH masers
as well as the extended 1720-MHz maser emission.
By comparing the peak LSR velocities of the my GBT OH lines to that
seen from CO maps of the region it could be possible to determine if the OH
emission originates from the ambient material or whether it is associated with
accelerated gas or the shocked gas of the outflow. However, it should be noted
that these regions can be very complex with multiple outflows and additional
gas motion, like rotation of the cloud, can complicate the interpretation. In
addition, not all HHOs have molecular outflows, which is partly due to the
fact that optically visible HHOs are often seen from regions of low obscuration
where the HH jet break out of the parent molecular cloud.
7.3 Discussion
The overall results of the GBT spectra were discussed in the previous chapter.
The analysis of these spectra are discussed below for each of the GBT sources
observed. The page number of the corresponding image of the spectra for
each source is indicated after the source name.
Sources with no 1720-MHz Emission or Absorption that also have
Main-Line Emission
Most of the sources with no 1720-MHz emission or absorption, but which
do have 1665- and 1667-MHz emission show weak main-line emission with
thermal line ratios. Some of these sources have flux density ratios of ∼ 1.8 for
the main-lines, indicative of optically thin thermal emission. In the case of
optically thin thermal emission, the 1720-MHz line have a flux density ratio,
(1667)/(1720), of 9 in relation to the 1667-MHz line. Calculations show that
if the 1720-MHz emission display LTE ratios, it would be too weak to be
detected by the the GBT observations, explaining the non-detections. These
sources are; HH14, HH15, HH18, HH215 and HH234.
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HH279 (p.94) : The main-lines have a flux density ratio of 2.8, which is
the largest flux density ratio from the GBT observations. The width
of the 1665-MHz line is broader than that of the 1667-MHz line, but
this appears to be due to unresolved features in the spectrum. There
appears to be emission at 1720 MHz, but this is of marginal significance.
HH279 is a spectacular large and bright object and is coincident with
the peak of a blue-shifted molecular outflow lobe seen in CO emission
(Emily, Richer, Swift & Williams 2010). The blue-shifted CO outflow
has LSR velocities ranging from -5 to 3 km s−1and the red-shifted lobe
has velocities ranging from 9 to 16 km s−1. The central line velocities
from the OH emission, are seen at ∼ 4.7 and ∼ 4.9 km s−1, and does
not seem to be associated with the outflow material. However, the large
flux density ratio from the main-lines and the apparent unresolved line
features do suggest possible maser emission. VLA observations of this
source have been made.
HH5, HH7, HH12, HH14, HH15 & HH18 (p.94 & 95) : These sources
are all in the NGC1333 reflection nebula which is one of the nearest
low-mass star-forming regions and contains a wealth of molecular out-
flows. HH12 shows very weak emission at 1720-MHz, while the other
sources have no 1720-MHz detections. The 1665-MHz and 1667-MHz
fluxes vary by a factor of 2 across the cloud, and the width of the 1667-
MHz profile increases as the peak weakens. There is a spread of more
than 1 km s−1 in the velocities of the peaks, suggesting bulk rotation
or turbulence within the cloud. HH14, HH15 and HH18 all have opti-
cally thin thermal line ratios and the main-line flux densities are much
weaker than the other three sources.
HH7 and HH5 have the narrowest lines, the strongest flux densities and
flux density ratios of ∼ 2 for the main-lines. HH12 have the highest
main-line flux density ratio at 2.3. From the GBT observations it also
appear that the main-line emission features for HH5, 7 and 12 are
superimposed on very weak OH absorption and a feature is seen at
velocities slightly blue shifted from the central velocity.
Pashchenko & Rudnitski (1980) detected 1667-MHz OH emission lines
toward HH12 and HH15 during their 1978 observations with the Nancay
radio telescope. They found flux densities of 0.26 Jy for HH12 and 0.16
Jy for HH 15 at an LSR velocity of 8 km s−1, which is consistent with
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the 0.28 (±0.01) Jy and 0.14 (±0.01) Jy at v = 8.10 km s−1 and v =
7.69 km s−1, from my GBT observations. They did not detect any lines
at 1665 MHz, while my GBT observations show emission lines at 0.08
Jy for HH15 and 0.12 Jy for HH12.
22.2 GHz water masers have been detected in the vicinity of HH7 (e.g.
Hirota et al. 2008; Haschick et al. 1980), and two groups of H2O maser
features have been detected at LSR velocities between 7 and 8 km s−1
and -15 to -25 km s−1. These masers appear to be associated with the
HH7 outflow. Haschick et al. (1980) also searched for OH masers to-
wards HH7 with the NRAO (National Radio Astronomy Observatory),
34 m telescope and found emission lines at ∼ 8 km s−1 in all four of the
OH ground state transitions and calculated a flux density ratio of ∼ 2,
which is consistent with what I found. However they find anomalously
strong 1720 MHz OH emission, while I detect none. Haschick et al.
(1980) conclude that the emission detected is not maser emission, as
the flux density ratios are consistent with those measured in other dark
clouds, the simplicity of the spectra and the fact that the OH veloc-
ity is close to that of the ambient cloud velocity observed from other
molecules.
CO maps of the region show a multitude of outflows, with LSR ve-
locities for the red-shifted outflows between -1 an 10 km s−1 and the
blue-shifted outflows between 10 and 25 km s−1 (Emily et al. 2010)
Although I see a spread in velocities from the OH data, none of these
correspond to the velocities measured from the molecular outflow lobes.
HH119 (p.97) : With ∆v ∼ 0.3 km s−1, these are the narrowest main-line
profiles in the sample, and in addition also one of the few sources that
show linear polarization. Only one H2O maser feature has been de-
tected towards this source at a velocity of ∼ 37.9 km s−1 (Go´mez et al.
2006). The B335 region in which the HH119 object is located, is an ex-
ample of an isolated star-forming region and contains only the HH119
outflow. The LSR velocity of the ambient cloud for this region is at 8.4
km s−1, and both red-shifted and blue-shifted outflow lobes are seen
in CO observations. The velocities from the GBT OH lines agree with
that of the ambient cloud, although the narrow line widths and linear
polarization do suggest maser emission.
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HH215 (p.98) : Although the main-lines have a thermal flux density line
ratio, the line widths at ∆v = 0.7 km s−1, are narrower than most of
the sources in my data set. HH215 is part of a giant outflow, HH315,
identified by (Go´mez, Kenyon & Whitney 1997). Red-shifted molecu-
lar outflows are seen at LSR velocities > 3.0 km s−1 and blue-shifted
outflows at velocities < 0.5 km s−1 (Arce & Goodman 2002). The OH
line velocities measured from the GBT data are consistent with that
measured for the ambient gas, and the emission appear to be thermal.
HH167 & HH234 (p.99) HH232, & HH238 (p.98) : These sources are
all from the L1158 cloud. HH234 has a main-line flux density ratio
of 1.8, corresponding to optical thin thermal emission, while HH232
and 234 have slightly anomalous flux density ratios of 2. HH167 has a
main-line flux density ratio of 2.4. The profiles all have broader widths,
∆v(1667) = 2.0 and ∆v(1665) = 1.8, than most of the sources in this
set, with peak velocities at ∼ -10 km s−1. The flux densities vary by
a factor of 2 from HH232 with the weakest lines to HH167 with the
strongest lines. 22.2 GHz water masers have been detected towards
this region showing velocities around -10 km s−1, but these masers are
variable in both intensity and position (Bae et al. 2011). The OH
emission from this region appears to be thermal lines from an optically
thin source.
HH252 (p.99) : The main-line profiles peak at a velocity v = 10.0 km s−1
and are broad. The width of the 1667-MHz profile, ∆v(1667) = 3.3
km s−1, is the broadest in my data set. The flux density of the 1665-
MHz line is slightly higher than the 1667-MHz line with a flux density
ratio of 0.9. The simplicity of the lines together with the broad line
widths, lead to the conclusion that these are thermal lines from an
optically thick source.
Sources with 1720-MHz Emission that Also have Main-Line Emis-
sion
HH211 (p.95) : The GBT observations show all the OH lines for this source
in emission with a peak at a velocity v = 8.6 km s−1, that corresponds
to the systemic velocity of the ambient material at ∼8.2 km s−1 (Gueth
& Guilloteau 1999). The line-widths are all approximately the same
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with ∆v = 1.5 km s−1. The 1667-MHz profile has twice the amplitude
of 1665-MHz profile, with a main-line flux density ratio of 1.9 and
anomalous 1720 MHz emission. Molecular outflows in this region show
blue-shifted lobes with LSR velocities between -7.4 to 5.6 km s−1 and
red-shifted lobes with velocities between 11.6 and 23.6 km s−1. The OH
emission appears to be thermal emission from an optical thin source.
HH156, HH157 & HH220 (p.95) : These sources are all from the L1495
region in Taurus that contain more than 20 outflows. All three sources
show main-lines with optically thin, thermal line ratios and anomalous
1720 MHz emission. HH156 is located in the Eastern part of this region
and has very narrow line widths of ∆v ∼ 0.6 km s−1. The OH emission
from HH156 is the strongest in my sample. There appears to be about
100 mJy of extra emission on either side of the line at 1667-MHz, with
very strong 1720 MHz emission. The systemic velocity of the ambient
gas is between 5.9 and 7.1 km s−1 (Davis et al. 2010), and is slightly
lower than the OH line velocities at ∼ 7.20 - 7.34 km s−1.
HH220 is located in the Western part of this region and the OH lines
have about half the flux density of the HH156 lines and line widths are
twice as broad at ∼ 1 km s−1. The systemic velocity of the ambient gas
in this region is ∼ 6.7 kms −1, and matches the line velocities measured
from my GBT observations.
HH157 is located in the South-Eastern part of this region and has
weaker and broader lines than the other two sources in this region.
The systemic velocity of the ambient gas for this region range between
∼ 5.3 - 6.7 km s−1, and agrees with the velocities measured from the
GBT OH observations.
HH31, HH159 (p.95) & HH198 (p.98) : The GBT observations show nar-
row line widths (< 1 km s−1) at 1720-, 1665- and 1667-MHz for all
three the sources, with thermal main-line ratios close to the optically
thin limit of 1.8 and anomalous 1720 MHz emission.
Pashchenko & Rudnitski (1980), detected 1665- and 1667-MHz OH
emission lines towards HH 31 during their 1978 observations with the
Nancay radio telescope. They found flux densities of 0.08 Jy for the
1667 MHz line and 0.04 Jy for the 1665 MHz line at an LSR velocity of
v = 6 km s−1, in comparison with the GBT observations that show flux
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densities at 0.19 (±0.01) Jy for the 1667 MHZ line and 0.10 (±0.01)Jy
for the 1665 MHz line at v = 6.91 km s−1. Apart from the evident
variability of the emission, the simple line profiles and thermal line
ratios observed, are indicative of thermal emission from an optically
thin source.
HH231 (p.96) : Although fitted with a single Gaussian, the main-lines have
a narrow spike on the red side of the spectrum which looks as though
the profile could be made up of more than one source. The 1720-
MHz line seems to correspond to the narrow spike seen in the main-
lines. The 1720-MHz line peaks at 110 mJy which makes it one of my
strongest sources at this frequency and is also very strong compared
to the expected LTE ratios. The 1720-MHz line is also narrower than
the main-lines, at 0.89 km s−1 and one of the narrowest lines in my
sample. The 1720-MHz emission appears to be non-thermal and follow-
up observations would be required to confirm the presence of 1720-MHz
OH masers.
HH3 & HH144 (p.96) : These sources lie close to each other in the L1641
cloud. A single weak 1720-MHz line is present in both sources while
the main-lines each have double peaks of slightly different flux density
(∼ 120 mJy) and width. The main-line peaks for each of the sources
occur at slightly different velocities ranging between 7 and 8.7 km s−1.
HH144 have a sligthly larger flux than HH3, for all but one of the
1665-MHz lines.
HH33, 34, 84 and 86 are also in the L1641 cloud. The 1720-MHz
line for HH33 is seen in both emission and absorption and have line
velocities ranging between 6.13 and 10.13 km s−1. HH34, 84 and 86 lie
midway between HH3/144 and HH33 and have 1720 MHz in absorption
with line velocities between 6.18 and 8.30 km s−1. These sources are
discussed in more detail below.
HH223 (p.97) : The main-lines have a double peak which is barely dis-
cernible at 1665-MHz because it is so weak and both peaks have thermal
flux density ratios. The peaks corresponding to blue-shifted velocities
are ∼ 4.5 times weaker. The 1720-MHz emission line corresponds to the
red-shifted main-line peaks, is narrow and shows anomalous emission.
There seems to be 1720 MHz emission corresponding to the blue-shifted
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peaks, but this is of marginal significance. The systemic velocity of the
ambient cloud is 11.52 km s−1, and CO observations show blue-shifted
outflow lobes with velocities between -1.04 and 11.2 km s−1 and red-
shifted outflow lobes with velocities between 11.93 and 24.08 km s−1
(Hirano, Hayashi, Umemoto & Ukita 1998). The OH line velocities at
∼ 7.30 and ∼ 10.6 km s−1, do seem to agree with the low velocity CO
component of the blue-shifted molecular outflow and it is possible that
the OH emission lines are masers.
HH200 (p.98) : HH199 and HH200 are two giant HH flows seen in the L1228
region. A single profile has been fitted to the main-lines but there
appears to be a narrow peak at red-shifted velocities, which suggests a
narrow line. The broad 1720-MHz line could also possibly be a double
line. The main-line flux density ratio, at 2.6, is the largest for this
sample and the 1720-MHz line peak is larger than that at 1665-MHz.
This is a strong contender for maser emission as the source of the
lines. The systemic velocity of the ambient cloud is between -8 and -7.5
km s−1 (Tafalla & Meyers 1997) and both red-shifted and blue-shifted
CO outflow lobes are seen. The velocities of the OH line profiles at
∼ 7.4 km s−1 correspond to the very low velocity component of the
red-shifted CO lobe. VLA observations of this source have been made.
HH149 (p.99), HH189 (p.99) & HH230 (p.95) : All three sources have
single-line profiles and the main-line flux density ratios are within the
thermal limits. It appears that these sources are all excited by thermal
emission processes.
Sources with 1720-MHz Emission and Absorption that also have
Main-Line Emission
All of the sources showing emission/absorption profiles at 1720-MHz have
non-thermal main-line ratios less than 1, indicating that the 1665-MHz line
is stronger than the 1667-MHz line. Three of these sources, HH168 and
HH174 towards Cepheus A, a well studied star-forming region, and HH172
towards Aquila show clear evidence of previous detected UC-HHII region, OH
main-line masers. The results and analysis of these lines will be discussed
in subsequent papers, but have not been included in this study. HH172 also
show OH emission lines at different LSR velocities than the HII-region maser
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lines, and the analysis of these lines are discussed below.
HH33 (p.96) : The 1720-MHz line profile shows a change from absorption
to emission with a plateau between the absorption and emission peaks.
The 1720-MHz emission is seen for redshifted velocities and it is ex-
pected that the 1612-MHz line would show conjugate behavior. This
implies that the gas at higher LSR velocities has lower column densities
than the lower velocity gas. The main-line emission is double peaked,
with the 1720-MHz absorption having a similar velocity to the lower
velocity peak in the main-lines, which also have the highest flux. The
1720-MHz emission has a different velocity to that of the main-lines.
Both main-line peaks have a flux density ratio of < 1. The flux densi-
ties, velocity peaks and flux density ratios differ between LCP and RCP
for the main lines. It appears that non-thermal excitations mechanisms
are responsible for the emission and these could be maser lines. This
object is in the L1641 cloud which also has sources with 1720-MHz OH
absorption only and sources with emission only.
HH124 (p.96) : The main-line emission is clearly double peaked at 1667
MHz. The 1665-MHz emission has been fitted with a single broad
Gaussian profile but the deviations of the spectrum from the fitted
curve suggest a similar structure to that at 1667 MHz but with the
higher velocity peak much weaker than at 1667 MHz. The 1720-MHz
line profile shows a change from absorption to emission, with the 1720
MHz emission seen for red-shifted velocities, similar to HH33. CO
observations, show a blue-shifted outflow lobe at velocities between -
10.5 and 5.6 km s−1and ambient cloud velocities range between 5.6 -
8.8 km s−1. The OH line velocities from the GBT observations show
the blue-shifted OH peaks of the main-lines between ∼ 3.9 and 4.8
km s−1, corresponding to the systemic velocity of the ambient cloud.
The red-shifted OH peaks of the main-lines have velocities between 6.2
and 7.2 km s−1that correspond to the blue-shifted outflow lobe seen in
the CO emission, and these OH lines could be maser emission.
HH106, HH107 & HH108 (p.97) : These sources are from the same re-
gion, Serpens. HH106 and HH107 show similar properties. HH106 is
located ∼ 8′ to the East and HH107 ∼ 10.5′ toward the West and North
from the cloud core. The 1720-MHz line profile shows a change from
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emission to absorption and the emission is seen for the blue-shifted ve-
locities. It is expected that the 1612 MHz line would show conjugate
behavior, in which case the gas at higher LSR velocities would have
a higher column density than the lower velocity gas. The main-lines
are fitted with a single Gaussian each. The velocity of OH main-line
peaks lie between the extrema of the 1720-MHz absorption and emis-
sion profiles. The main-line flux density ratio for both sources are < 1.
However, the peak velocities, the line widths and the peak flux of the
emission and absorption profiles of the two sources do not agree. The
systemic velocity of the ambient cloud in this region is ∼ 8 km s−1 (Ho
& Barrett 1980), similar to the OH line velocities. VLA observations
of these sources have been made.
At the core of the Serpens cloud is a protostellar source, FIRS 1, asso-
ciated with an outflow in an early stage of evolution. A radio jet was
detected and it is believed to be a so called proto-HHO. Associated
with this jet is a 22.2 GHz water maser, detected at an LSR velocity
of 9.0 km s−1 (Curiel et al. 1993). Also detected to be associated with
the radio jet is a weak, circularly polarized OH maser, detected at 1667
MHz with an LSR velocity of 9.5 km s−1 (Rodriguez et al. 1989). This
maser has a flux density of < 200 mJy and a single line profile, with line
width of < 0.3 km s−1. This source is just out of the GBT field-of-view
for both HH106 and HH107.
Also observed in the Serpens region, but 2.3◦ North-East of the cloud
core, is HH108. This source has very weak main-line emission, and
what appears to be absorption at 1720 MHz. The OH lines for this
source occur at higher velocities than those observed for HH106 and
HH107, and the main-lines have a thermal flux density ratio.
HH172 (p.97) : The 1720 MHz line profile for this sources is similar to
the 1720-MHz profile from HH106 and HH107, changing from emission
to absorption, with the emission seen for the blue-shifted velocities.
However, the main-lines are seen in absorption. The velocity of the
absorption peaks lie between the extrema of the 1720-MHz absorption
and emission profiles at ∼ 11.5 km s−1. This is the only source in the
sample where the main-lines are seen in absorption.
This source also shows strongly polarized 1720-, 1665- and 1667-MHz
emission lines at ∼ 60 km s−1. These lines have previously been de-
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tected and identified as maser emission associated with an HII-region (Szym-
czak & Ge´rard 2004).
7.4 Conclusions
From the analysis of the GBT, single-dish observations, I have identified three
sources with previously detected OH maser lines associated with UC-HII re-
gions. For the remainder of the data I have identified 12 sources that have
possible maser lines. These sources are; HH5, HH7, HH12, HH33, HH106,
HH107, HH119, HH124, HH200, HH223, HH231 and HH279. I cannot prove
without a doubt that these sources do have maser lines, and follow-up obser-
vations are required to prove this conclusively.
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From the analysis of the single-dish, GBT spectra, it appears that a small
number of my sources are dominated by non-thermal excitation mechanisms
of the OH main-lines and it is possible that these could be maser emission.
Recently, weak OH main-line masers have been detected toward a few high-
mass protostellar outflows, and the non-thermal emission detected from my
GBT observations could belong to this new class of OH maser associated
with protostellar outflows. At present the OH masers associated with proto-
stellar outflows (e.g. the Turner-Welch object), are unique and it would be
interesting to find other examples to better understand this class of sources.
However, to confirm the presence of maser spots and their association with
an outflow require follow-up interferometric observations. This chapter pro-
vides a detailed account of the observing procedure, data reduction process
and the results of my follow-up observations using the VLA.
8.1 Observing Strategy
I have chosen to do follow-up observations using the VLA for several rea-
sons. Firstly, all of my sources are located in the Northern hemisphere and
thus visible form the VLA. Secondly, the results from many interferometric
observations of 1720-MHz OH masers towards SNRs, show the VLA to be
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the instrument of choice when conducting an initial detection experiment of
weak spectral features, and follow-up observations with VLBI or MERLIN
could be obtained.
8.2 Source Selection
From the single-dish, GBT observations I identified 13 spectra that appear
to be dominated by non-thermal excitation mechanisms (see § 7.4, page 7.4),
and I applied for time on the VLA to observe these potential maser sources.
My proposal was accepted, but due to a high demand for VLA time and
the nature of the proposal, being a speculative experiment, only four hours
of observing time was allocated. For the final observations I observed 5
sources, HH106, 107, 167, 200 and HH279, with an hour allocated to each
source. HH167, HH200 and HH279 were observed separately, and HH106
and HH107 were observed together, as they are quite close to each other and
a pointing centre mid-way between the two sources were chosen.
The field-of-view of the VLA at 18 cm is ∼27′ which is significantly
larger than the field-of -view from my GBT observations at 7.2′. As a result,
many additional HHOs from Reipurth’s catalogue that were not observed in
the GBT observations, fell within the VLA field-of-view. Figure 8.1 shows
the 27′ field-of-view, projected on the plane of the sky, for each of the 4 VLA
observations. The positions of all the HHOs from the catalogue of Reipurth
that fell within the beam are shown.
8.3 Observations
The observations were made during July and August 2007, using the A array
of the VLA. The A array of the VLA is the configuration that gives the
maximum antenna separation (36 km) and thus the smallest resolution. The
data were observed at L band in either 2-IF or 4-IF mode with a bandwidth
of 0.195 MHz per IF and 128 channels, using two center frequencies per IF
pair at both circular modes of polarization. I observed two sources that have
no detectable 1720-MHz OH lines in the GBT data, but do show 1665 and
1667 MHz in emission. For these sources I observed 1665 MHz and 1667 MHz
together in 2-IF mode. The other 2 sources show emission at 1665, 1667 and
1720-MHz in the GBT data , with the 1720-MHz emission always being the
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(f) HH106/107 RA 18:29:32.2, DEC +01:19:50.0 (g) HH167 RA 21:43:06.6, DEC +66:06:54
(h) HH200 RA 20:55:09.2, DEC +77:31:31.20 (i) HH279 RA 03:27:18.66, DEC +30:17:20.1
Figure 8.1: Positions of HHOs observed with the VLA. The larger circle represents
the VLA beam projected on the plane of the sky for each of my 4 VLA observations.
The positions of the HHOs that fell within the field-of-view are shown. The smaller
circle represents the 7.2′ beam from my GBT observations. J2000 pointing coordinates
for each of the VLA observations are given. North is up and East is to the left.
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weakest. For these sources I observed 1665 MHz and 1720 MHz together and
1667 MHz and 1720 MHz together in 4-IF mode.
From my single-dish observations I know at what velocity the emission
occurs, and the velocity range over which it is produced. Most line sources
have a central velocity with respect to the LSR of between 5 and 10 km s−1
and a line width ∆v ≤ 2.2 km s−1. Using the smallest available bandwidth
of ∆ν = 0.195 MHz at L band corresponds to a velocity range of 34 km s−1
which is sufficient for all of the observations, and provides a resolution of
1.526 kHz per channel corresponding to a velocity resolution of 0.27 km s−1.
I observed one flux-calibrator (primary calibrator) at the beginning of each
observing session and one phase-calibrator (secondary calibrator) before and
after each of the two scans of the target source.
The data from my observations were taken with the new Expanded-
VLA (EVLA) computer system controlling the array, and nine operational
EVLA antennas were included in the array by default. At that stage the
VLA was undergoing a significant upgrade to become the EVLA, and the
EVLA antennas were offered on a shared-risk basis.
8.4 Data Reduction
Each of the datasets for the four VLA observing sessions were reduced sepa-
rately, and the details for each of the observing sessions are listed in Table 8.1.
The data consisted of two related sets of visibility data, the full spectral line
dataset and the channel ”0” observations. The channel ”0” observations is
an average of the central 75% of each bandpass and is used to calibrate the
complex instrumental gain for each antenna. Data reduction was carried out
using AIPS.
Data Examination and Confirmation
Two of my sources were observed in 4-IF mode, and the resulting datasets
contained 2 frequency ID’s each with 2 IF’s. The two frequency ID’s were
split into two separate datasets, in order to simplify the editing and calibra-
tion of the data. The channel ”0” data was used to inspect the visibility
data for both the flux- and phase-calibrator for each polarization and IF.
Any anomalous points, bad antennas and any time and baseline dependent
errors were edited from the data.
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Examination of the channel ”0” data showed that the EVLA-EVLA
baselines had completely scrambled visibility phases about 50% of the time
and for one of the scans the visibility phases for the phase-calibrator looked
much like noise for all of the EVLA baselines. After consulting with a spe-
cialist at the NRAO I decided to discard all data from EVLA antennas for
all sources, IF’s and polarizations.
Channel ”0” Calibration
For each of the datasets, the frequency bands at 1720, 1665 and 1667 MHz,
were calibrated separately. Firstly, the flux density of the primary, or flux-
density calibrator, was calculated for our frequencies of interest from the
well-determined spectrum of Baars et al. (1977). Since the flux-density cal-
ibrators that I used are somewhat resolved, I used models of their source
structure which are distributed with AIPS to determined antenna-based com-
plex gain solutions from the visibility measurements of the flux-density cal-
ibrator. Since the secondary calibrators are known to be unresolved at our
wavelengths and resolutions, I used a point source model to solve for complex
antenna gains from the visibility measurements of the secondary calibrator,
boot-strapping the flux density scale from the solutions obtained for the
flux-density calibrator. The primary and secondary calibrators for each of
the observations are listed in Table 8.1.
Data Inspection and Imaging
I used the full spectral-line dataset to calibrate the bandpass for the line
data using the flux-calibrator. I then applied the final calibration to the flux-
and phase calibrators and performed a number of checks on the calibrated
data to determine if the calibration was successful and to check for any
obvious problems that I might have missed. CLEAN images from the line
data were made for both the flux- and phase-calibrators. The total CLEAN
flux densities were compared to the flux densities listed for the calibrator
sources in the VLA calibrator database1. The background rms noise from
the images for both the flux-density and phase calibrators were compared
to the thermal noise calculated from the EVLA exposure calculator2, scaling
1The VLA Calibrator Manual, http://www.aoc.nrao.edu/ gtaylor/csource.html
2NRAO Exposure Calculator, https://science.nrao.edu/facilities/evla/calibration-and-
tools/exposure
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for the actual number of 16 antennas used (since we did not use data from
the 10 EVLA antennas) and the time on source. Both the flux densities and
background noise measured from the CLEANed images were close to the
expected values, and I applied the final calibrations to the full spectral line
data of the target sources.
Single source u, v files were written for each of the target sources
for each of the frequency bands observed, and the 1720-MHz data from the
different frequency ID’s were combined. Dirty images for all of the target
sources for each of the frequency bands observed were made, using only the
central channel. The background rms noise from the single-channel dirty
images of the target sources were then compared to the values obtained from
the EVLA exposure calculator. The values obtained for the background rms
noise, are reasonable, at ∼ 1.5× the expected noise. The final background
noise from the single-channel images, obtained for each of the datasets and for
each of the frequency bands observed are listed in Table 8.1. The background
noise from the single-channel image should be a reasonable estimate of the
noise in the other channels in the central part of the band that was used for
the data analysis.
Data Analysis
I then proceeded to making multi-channel dirty images for all of the target
sources and for each of the frequency bands observed. I started with 1024 ×
1024 pixel images, using a cellsize of 0.3′′ to get a field-of-view with diameter
∼ 5.12′. Observations for HH167, HH200 and HH279 were centered on the
same coordinates as the corresponding single-dish GBT observations and at a
frequency corresponding to the LSR velocity from the spectral profiles from
the GBT observations. I therefore expect to see the emission around the
centre of the image and within the central and/or surrounding channels. For
HH106/107 the observations were centered mid-way between the two sources
and dirty images were made around these coordinates.
Each of the dirty images for each of the target sources and frequency
bands observed were visually inspected for any significant emission. Each of
the channels (excluding the somewhat noisier end channels on either side)
were loaded and inspected separately, and the positive and negative extrema
as well as the mean pixel brightness and the mean rms were obtained for each
of the image cubes. The pixel location and the channel number corresponding
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to the positive extrema in each of the image cubes were also obtained and
the regions around the positive extrema were visually examined, as any real
emission would most likely be associated with the positive extremum. Any
spurious emission have been rejected based on the following criteria:
• The first criteria was that the magnitude of the positive extrema be
bigger than at least 0.5 × the rms noise per channel × the absolute
value of the negative extrema. If a particular field contains only noise,
then all the pixel brightnesses should follow a reasonable Gaussian dis-
tribution, in which case one would expect the magnitude of the positive
extremum to be similar to the absolute magnitude of the negative ex-
tremum.
• Any positive extrema < 5σ were considered as being due to chance and
were discarded as noise. If we assume that there is nothing in the field
but noise, and assuming that all the pixel brightnesses are drawn from
a Gaussian distribution with a mean brightness of 0 and σ equal to the
rms noise per channel, we can calculate the probability of the result
(the brightness offset from the mean in units of σ) being due to chance,
by using the normal probability density function. The result of this
calculation showed that for pure noise and a number of ∼ 1.2 × 10−8
independent pixels per field, we would expect only a 5.5σ brightness in
the image.
• Any positive extrema that satisfied both of the above criteria, were
rejected if it came from any of the end channels and if visual inspection
of the region did not show any evidence of a source. The rms in the
channels near the edges is higher, making it more likely that a higher
brightness offset from the mean is just due to noise. The observational
setup was also such that the central velocity was at or close to the LSR
velocities measured from the GBT observations, and it is thus expected
that any real emission would be within a few channels from the central
channel.
I did not find any significant emission from any of the sources at any of the
frequency bands observed that satisfy all of the above criteria. It should be
noted that for a resolved source the brightest pixel might not be significant
on its own, but it would still be a clearly detectable source. However, visual
inspection of the channels did not show any significant emission either.
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Additional Data Analysis
I did not detect any significant emission in the analysis described in the
preceding section, in which I imaged a 5.12′ × 5.12′ region of the sky. This
region includes almost all the sources detected with the GBT, whose field of
view was 7.2′. The actual field of view of the VLA, however, is considerably
larger than this, being ∼ 27′ (FWHM) at L-band. This larger field of view,
as shown in Figure 8.1, encompassed several HHOs other than those initially
targeted. I therefore proceeded to make larger image cubes in order to search
for any possible emission from those additional HHOs.
In order to image the entire field of view, I had to use a larger cellsize
of 0.4′′. So as not to consequently under-resolve the dirty beam, we down-
weighted the longest baselines as necessary so that the FWHM minor axis of
CLEAN beam was always at least three pixels across.
In such large image cubes it is difficult to search for weak spots of
emission by eye and in this case I relied on the results from the image statistics
for the initial identification of any significant emission. Any maxima < 7σ
were discarded as noise.
Additionally, I also analyzed the images by averaging over channels in
order to reduce the image noise and look for emission that is extended over
more than one channel. Based on the line widths from the GBT observations,
I averaged the images over 4 channels and also over 8 channels, with the image
noise being reduced by ∼ √4 and ∼ √8 respectively. I also produced images
for which I averaged over all the channels to look for any continuum sources in
the field-of-view that could influence the results from the statistics. Finally,
as a last check I made lower resolution images by downweighting the larger
baselines in order to be more sensitive to somewhat more extended sources.
I produced images with a 2 × larger synthesized beam as well as images with
a 4 × larger synthesized beam. Uniform weighting with a range of different
robustness parameters were tried, going from nearly pure uniform weighting
to minimize the sidelobes, to nearly pure natural weighting to minimize the
noise level. Robustness weighting provides a compromise between natural
and uniform weighting.
From the above analysis of the VLA observations, I did not detect
any emission > 160 mJy/beam and no significant emission > 7σ was found
(based on the criteria set out on page 121) in any of the observations with the
single exception of a previously detected radio continuum source. From the
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observation pointed at HH279 I detected a known continuum radio source
listed in the source catalogue of the NVSS (NRAO VLA Sky Survey3, Condon
et al., 1998). The emission was detected at both 1665 and 1667 MHz at a
distance of 10.88′ from the image center and the coordinates agree with that
of the NVSS source, J032628 + 301618. The 1665- and 1667-MHz data for
the observation pointed at HH279 were combined and a CLEAN image of the
combined data, averaging over all the channels, was made centered around
the coordinates of the NVSS source (see Figure 8.2). At L band for sources
more than about 5′ from the phase centre, the primary beam response is down
significantly and the measured flux density value will be lower than the true
value and I thus applied a primary beam correction to the CLEANed image.
After the primary beam correction, I measured a flux density of 63.6 mJy,
and an image background rms of 1.9 mJy/beam, which is reasonably close
to the NVSS value of 72.3 mJy, at 1.4 GHz.
The NVSS source was plainly visible in the image and was easily
distinguished from the noise, even on inspection of individual channels. The
NVSS source was detected at a flux density of ∼ 40 mJy in each channel.
Therefore emission at the level of 60 - 170 mJy (the flux density measured
from the GBT observations for HH279 at 1665 and 1667 MHz) should be
easily detectable if unresolved, and we can say with some confidence that the
emission detected toward HH279 with the GBT must be resolved.
3The NRAO VLA Sky Survey, http://www.cv.nrao.edu/nvss, 2012
123
Chapter 8. VLA Observations of Potential OH Masers Towards HH
Objects
CONT: HH279  IPOL  1666.430 MHZ  PBCORNVSS.PBCOR.1
PLot file version 2  created 18-FEB-2012 18:35:10
Cont peak flux =  5.2074E-02 JY/BEAM 
Levs = 5.207E-04 * (-10, 10, 30, 47, 48, 49, 50,





















Figure 8.2: The VLA CLEANed image of the the NVSS source, J032628 + 301618,
obtained by averaging over all the channels and combining the 1665- and 1667-MHz
data from the spectral-line observations toward HH279. The contour levels are at -10,
10, 30, 50, 70 and 90 % of the peak brightness and the 50% contour is emphasized.
The FWHM beamsize is graphically indicated in the bottom left corner.
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8.5 Conclusion
Apart from an unrelated radio continuum source, I did not detect any emis-
sion from any of the VLA observations for any of the frequencies observed.
For observations with the VLA, the largest angular scale that can be detected
is given by the shortest baselines. As explained in the previous section, I did
make lower resolution observations in order to look for more extended struc-
ture, but I did not find any significant emission. As a reasonable estimate of
the largest angular scale visible to the EVLA, I use the value from the EVLA
observational status summary4, which is 36′′ at L band for the A array. I con-
clude that the emission from the GBT observations for HH106/107, HH167,
HH200 and HH279 must therefore originate from thermal or quasi-thermal
excitation processes and is extended on scales >36′′.
Unfortunately I was unable to do follow-up, VLA observations for
all of the potential maser sources selected from the GBT observations. The
sources selected for follow-up observations had a range of spectral properties
that distinguished them from the obvious thermal sources. Since the spectral
properties of each maser source were unique, I cannot definitely concluded
that the remainder of the potential maser sources that were not observed by
the VLA are not masers. Of the five sources observed with the VLA, none
turned out to be masers, so the likelihood of a maser source seems to be low
even if the spectrum is not obviously thermal. HH167, HH200 and HH279
were selected for follow-up observations because of the anomalous main-line
emission, with 1667/1665 flux density ratios above 1.8. These three sources
had the largest main-line flux density ratios of all the GBT sources and in
addition also showed what seemed to be unresolved features in the main-line
emission profiles. HH106 and HH107 both showed an emission/absorption
profile for the 1720-MHz line, and the main-lines showed emission with a flux
density ratio < 1. Of the remaining sources identified as possible masers,
HH5, HH7 and HH12 have similar spectral properties to HH167 and HH279
and are probably not maser sources. However, HH33, HH119, HH124, HH223
and HH231 show either a double peaked structure in the main-line profiles
or an additional spike is clearly visible in the line profile. These sources are
also some of the strongest sources in the sample and show the narrowest line
widths. HH231 show very strong and narrow 1720-MHz emission and HH119
4The EVLA Observational Status Summary, http://evlaguides.nrao.edu/index.php?
title=Observational Status Summary, 2011
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shows linear polarization in the main-line profiles which none of the other
sources have. It is possible that the emission detected from HH33, HH119,
HH124, HH223 and HH231 could be maser emission.
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Discussion of the HHO
Observations and their
Negative Results
The discovery of 1720-MHz OH masers toward SNRs initiated a multitude
of observations to study the properties and excitation mechanisms of these
masers as well as the regions surrounding them. Observations and models
of these maser-emitting SNRs reveal a number of characteristic properties
and have shown that the 1720-MHz OH masers can be collisionally excited
when a SNR interacts with a molecular cloud in the surrounding medium.
The excitation of the 1720-MHz OH masers require a very narrow range
of conditions and can only be produced in the gas behind a C-type shock.
Observations of the shock-excited regions associated with HH outflows show
many similarities to the shocked gas surrounding the 1720-MHz OH masers in
SNRs. Based on these similarities I proposed that conditions can exist behind
the shocks of HHOs to support the production of 1720-MHz OH masers. As
a result, I initiated a survey to look for 1720-MHz OH masers towards a large
number of HHOs. Although I did detect OH 1720-MHz OH emission lines
in many of the observations, none of the lines resemble the spectra that so
uniquely identify the maser emission in SNRs. In this chapter I discuss and
compare the properties of both the SNRs and the HHOs and I provide some
explanation as to why the conditions in HHOs are probably not conducive
to the excitation of these maser lines.
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9.1 The Defining Properties of Maser-Emitting
SNRs and HHOs
The collisional excitation of the 1720-MHz OH masers can only occur for a
very restrictive set of conditions, hence only a few SNRs have been found
to be associated with 1720-MHz OH masers. I will review the properties of
this set of maser-emitting SNRs and the conditions required to excite their
associated 1720-MHz OH masers. In the first section I compare GBT, OH
spectra of maser-emitting SNRs to those seen in my GBT spectra towards
HHOs. I will then go on to discuss the properties of the maser-emitting SNRs
and the conditions required to invert the 1720-MHz OH masers. In the final
section I will discuss the properties of the HHOs and compare them to those
of the maser-emitting SNRs and provide some explanation of why I did not
detect any 1720-MHz OH masers in these seemingly similar objects.
9.1.1 OH Ground-State Spectra and Maser Emission
A GBT survey by Hewitt et al. (2008), toward 5 known maser emitting
SNRs, show 1720-MHz maser emission with strong narrow, ∼ 2 km s−1, lines,
together with thermal, broad line absorption features at 1612, 1665 and 1667
MHz. These lines are all seen at the systemic velocity of the accelerated gas
in the expanding SNR shell. The OH absorption features have line widths
of up to ∼ 40 - 50 km s−1, which is indicative of shock accelerated gas,
and result from the OH behind the shock, absorbing the bright background
continuum of the SNR. Anomalous 1720-MHz OH emission was also detected
by Hewitt et al. (2008) at velocities distinct from the maser emission and
broad absorption features. The anomalous 1720-MHz emission show broad
line widths, ∼ 5 km s−1, and is associated with foreground molecular clouds.
Similar 1720-MHz emission lines have been detected towards many molecular
clouds in the Galaxy from the survey by Turner (1982).
The most noticeable distinction between the GBT spectra that I ob-
tained and those from Hewitt et al. (2008), is that the OH main-lines are seen
in emission for all of my sources, and where the 1720-MHz OH line is also
seen in emission, it has similar line widths to those of the main-lines. The
majority of the lines that I detected have narrow line widths, < 2 km s−1,
at the systemic velocity of the ambient cloud and most of the sources have a
main-line flux density ratio indicative of thermal emission. Similar spectra,
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with narrow main-line emission and thermal line ratios, between 1.2 and 1.8,
have been seen towards dark clouds with modest opacity (e.g Slysh et al.
1994; Li & Goldsmith 2003), and most of the HHOs from my GBT observa-
tions are known to be associated with dark clouds. I therefore conclude that
the majority of the OH lines from my GBT observations result from thermal
emission processes in dark clouds.
9.1.2 Maser-Emitting SNRs
The Inversion of the 1720-MHz Transition
In their study of the pumping mechanisms for 1720-MHz OH masers in SNRs,
Lockett et al. (1999), showed that the 1720-MHz masers are collisionally
excited in the post-shock gas of the SNR/molecular cloud interaction, and
can only form in a very restricted set of conditions. The Lockett et al. (1999)
model requires temperatures between TK ∼ 50 − 125 K, with a maximum
inversion for TK ∼ 75 K. At lower temperatures the 1720-MHz line will
not be inverted and at higher temperatures will result in the inversion of
the 1612-MHz line. The upper limit on the temperature is also limited by
line overlap, which affects the level populations. The Lockett et al. (1999)
model also requires OH column densities in the range, NOH = 10
16 − 1017
cm−2. Very low OH column densities are not compatible with substantial
maser gains, while a significant increase in the column density will switch
the inversion to the 1612-MHz line. H2 densities, nH2 between 10
4 and 105
cm−3 are also required as quenching by collisions occur at densities above
nH2 ∼ 3 × 105 cm−3. While high dust temperatures in late-type stars is
required for the inversion of the OH main-line masers, the model of Lockett
et al. (1999) shows that dust continuum radiation at temperatures above 100
K will significantly decrease the 1720-MHz inversion.
Many observational studies of maser-emitting SNRs have confirmed
the predictions of the collisional pump model of Lockett et al. (1999) and in-
clude for example the observations by Frail et al. (1994) and Frail & Mitchell
(1998), toward the SNR W28.
C-type Shocks and Molecular Clouds
The model by Lockett et al. (1999), further requires the interaction of the
SNR with a dense molecular cloud and also show that only a non-dissociative,
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C-type shock can provide the physical conditions needed to produce the
1720-MHz OH masers. The model requires a pre-shock density of nH2 ∼ 104
cm−3, and a shock velocity of vs ∼ 10 − 50 km s−1. This is consistent with
the detailed C-shock calculations performed by Draine et al. (1983), in their
intermediate density model, in which the required conditions for 1720-MHz
OH masers are achieved with a pre-shock density of nH2 = 10
4 cm−3, and
a shock velocity of vs = 25 km s
−1. C-type shocks depend on the presence
of a magnetic field and magnetic fields of a few mG have been calculated
from the observed Zeeman splitting of the 1720-MHz OH line in SNRs (e.g.
Brogan et al. 2000).
Due to the short lifetime of their progenitors, SNRs are often found
in the vicinity of their parent molecular clouds, and during the lifetime of
a SNR it may encounter these molecular clouds. One of the defining sig-
natures used to identify SNRs are their integrated radio continuum spectra
from synchrotron radiation. Maser-emitting SNRs appear shell-like in the
radio continuum and the shell often appears distorted with indentation or
flattening of the shell due to the interaction with a dense molecular cloud.
The 1720-MHz OH masers are found interior to and along the radio con-
tinuum edges, with the strongest masers located near the radio continuum
peak/s (e.g. Frail et al. 1994).
It is widely recognized that the NIR emission lines of the H2 molecule
at 2.12 µm are collisionally excited in slow, non-dissociative shocks and are
one of the primary signatures of C-type shocks in dense molecular material
(Draine & Roberge 1982; Draine et al. 1983; DeNoyer 1983). In addition,
the millimeter wavelength lines of the CO molecule, as previously discussed
in § 7.2 on page 104, is an excellent tracer of dense molecular clouds and can
be used to differentiate between shocked and un-shocked gas. CO emission
with broad line widths is associated with accelerated material and shows a
strong correlation to the radio continuum emission in maser-emitting SNRs.
CO emission with narrow line widths is associated with the ambient material
and are seen off the ridges of the radio continuum. The NIR, H2 emission is
almost always spatially associated with the broad-line CO emission and in
maser-emitting SNRs the 1720-MHz masers spots are located in or near the
H2 and CO emission peaks (Reach, Rho & Jarrett 2005).
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Shock Chemistry
Inactive molecular gas has a very low abundance of OH molecules and con-
sists mainly of H2, He, CO and either atomic or diatomic oxygen. When
a non-dissociative C-type shock disturbs a molecular cloud the shock will
convert all the pre-shock oxygen into O2 and H2O, rather than OH. This
suggests that the OH necessary for the production of 1720-MHz OH masers
in SNRs is not directly produced by the shock chemistry (Draine et al. 1983),
and although the model of Lockett et al. (1999) could predict the required
conditions necessary to invert the 1720-MHz line they could not explain the
higher than normal abundance of OH.
In molecular clouds the Lyman and Werner bands of the H2 molecule
can be collisonally excited by energetic electrons from Cosmic-ray and X-ray
ionizations. The subsequent radiative de-excitations of H2 generates a weak
flux of far-ultraviolet (FUV) photons capable of dissociating many molecular
species (Prasad & Tarafdar 1983), which includes the dissociation of H2O to
form OH. Wardle (1999), looked at the effect of this dissociating flux on the
oxygen chemistry in C-type shocks and presented results for the ionization
rates typical of dark clouds and clouds adjacent to SNRs. The calculations
form Wardle (1999) show that the overall chemistry is not drastically affected
by such a FUV flux, but the dissociation of water produces an increasing
abundance of OH behind the shock front, with a significant column having
accumulated by the time the gas has cooled to 50 K. The calculations from
Wardle (1999) further show that the column density of warm OH rises from
1015 to 1016 cm−2 as the ionization rate is increased from ζ = 10−17 s−1 typical
of Cosmic-ray ionizations in dark clouds to ζ = 10−15 s−1, typical of X-ray
ionizations adjacent to maser-emitting SNRs. Wardle (1999), concluded that
the soft X-ray flux due to bremsstrahlung from the hot gas in maser-emitting
SNRs will convert roughly 10% of the H2O into OH behind the C-type shock
and will produce a sufficient column of OH to allow the detection of the 1720-
MHz OH masers. Maser-emitting SNRs are different from other SNRs in
that their dominant X-ray emission mechanism is thermal (at a temperature
below about 1 keV) and their X-ray emission arises primarily from swept-up
interstellar material rather than ejecta (Rho & Petre 1998).
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In OH main-line masers associated with compact HII regions a strong
FUV flux from the central high-mass protostar is responsible for producing
the required column of OH by the photo-dissociation of the H2O molecules.
However, the heating of dust grains by such a FUV flux would produce a
strong FIR continuum that would invert the OH main-lines and decrease the
inversion of the 1720-MHz line (Wardle, Yusef-Zadeh & Geballe 1999).
Shock Geometry and Morphology
Detectable 1720-MHz OH masers in SNRs require a sufficient column of OH
molecules behind the shock front, but in order to prevent Doppler shifting
of the 1720-MHz frequency, we need a column with a small velocity gradient
in order to get amplification along the entire column. The model by Lockett
et al. (1999) predicts that an edge-on geometry will favor the detection of
masers as the largest velocity coherence will be in a direction perpendicular
to the motion of the shock. Observations of maser-emitting SNRs confirm
that the brightest masers, and often the only masers are seen when the shock
is propagating transverse to the line-of-sight (e.g. Claussen et al. 1997).
Extended 1720-MHz OH maser emission has been detected in a num-
ber of SNRs and is a result of weak amplification of the OH emission behind
a face-on shock as opposed to the favored edge-on geometry. The extended
maser emission has been found surrounding the compact maser spots, but
has also been detected on larger scales, tracing the radio continuum struc-
ture, and have also been observed without the presence of any compact maser
spots (Hewitt et al. 2006). The GBT OH spectra obtained by Hewitt et al.
(2008), discussed in § 9.1.1, page 129, show symmetric absorption profiles
for the main-lines in regions where a shock is moving transverse to the line-
of-sight and blue- or red-shifted profiles where a shock moves in a direction
along the line-of-sight.
NIR, H2 emission is often seen to extend over large regions of a SNR,
with compact maser spots located only in one region or clump of the NIR
emission. Some SNRs also show groups of compact maser spots from different
regions or clumps of the NIR emission with a large velocity distribution
between the masers in different regions. Inversion of the 1720-MHz line will
only occur in regions where the conditions, as described before, are favorable
and compact maser spots will only be visible from those regions of the SNR
where the shock propagates in a direction transverse to the line-of-sight. It
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is also possible that a single SNR can interact with more than one molecular
cloud along the surface of the SNR shell or with a molecular cloud with a
large range of densities (Reynoso & Magnum 2000). Some SNRs also show
a mixture of J- and C-type shocks, but these shocks are seen from different
parts of the SNR (e.g. Reach et al. 2002). The J-type shocks are traced by
atomic lines like Hα in the optical and [FeII] in the NIR for example and are
due to shocks moving into moderate density gas or gas that is mainly atomic.
The inversion of the 1720-MHz line requires OH column densities of
the order 1016 to 1017 cm−2 and such a column must be produced behind
the shock front as the material cools down from TK ∼ 125 to TK ∼ 50 K.
Calculations show that the theoretical size or length of the column behind
the shock front that can physically produce maser emission is ∼ 1016 cm or
700 Astronomical Units (AU). The SNR IC 443 is a well studied example of a
maser-emitting SNR and shows a single clump of shocked NIR gas producing
the only masers observed in this SNR. The physical size of IC 443 is around
4 × 106 AU and the size of the region of the SNR that shows NIR emission
from shocked molecular gas is ∼ 2× 106 AU. In a study of the sizes of 1720-
MHz OH masers in SNR IC 443, Hoffman et al. (2003), measured the clump
of shocked NIR gas producing masers to be about 5−8×1017 cm or ∼ 4×104
AU and the transverse extend of the masers in this clump to be between 135
AU and 270 AU, which much smaller than the predicted region that can
physically produce maser emission.
Water Masers
Strong H2O masers at 22.2 GHz are often seen in the vicinity of OH masers
associated with HII regions. H2O masers associated with HII regions require
temperatures between 300 and 600 K and densities nH2 ∼ 109 cm−3 for the
inversion of the 22.2 GHz transition (Elitzur 1992, and references therein).
Observations toward maser-emitting SNRs detected no H2O masers, as pre-
dicted by Lockett et al. (1999). In maser-emitting SNRs the required nH2
density must be between 104 and 105 cm−3, and the column density of H2O
would be too low to produce detectable water masers, but sufficient to pro-
duce enough OH for the 1720-MHz masers to be detected.
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The Big Picture !
A supernova explosion creates a shell of expanding, hot gas that drives a SNR
shock in to the surrounding medium. If that expanding shock encounters a
molecular cloud, then the expansion is slowed and the SNR is distorted. A
C-type shock results and accelerates, heats and compresses the gas, and com-
bines atomic and diatomic oxygen with hydrogen to produce water, while a
reflected shock is driven into the SNR interior. The shocked gas cools down
as it decelerates behind the shock front. The entire shock front is subjected
to the weak, dissociating FUV flux produced by the soft X-rays from the
SNR interior. However, the dissociation of the H2O cannot compete with
this rapid reformation of water until the temperature drops below 200 K, at
which point the water is dissociated to produce OH. When the temperature
drops to between TK ∼ 125 − 50 K, and a sufficient column of OH is pro-
duced, the 1720-MHz OH transition in inverted and 1720-MHz OH masers
can be detected in the molecular gas behind the C-type shock. Figure 9.1 on
page 136 shows an illustration of a maser-emitting SNR.
9.1.3 Protostellar Outflows and HHOs
C-type Shocks and Molecular Clouds
HHOs are identified and classified by their characteristic atomic emission
lines that is mainly seen in the optical, for example, Hα, [OIII] and [SII] in the
optical and [FeII] in the NIR. The production of these emission lines can be
best modeled by fast (40−60 km s−1), dissociative, J-type shocks (e.g. Haas,
Hollenbach & Erickson 1991; Hollenbach 1997; Khanzadyan et al. 2004).
Bright NIR, H2 emission at 2.12 µm has been observed from HH outflows
at the terminal shock of the outflow, the internal shocks or knots of the
outflow, and as fainter emission along the outflow (Eislo¨ffel 1997). In HHOs
the H2 molecules are collisionally excited in slow non-dissociative shocks, and
this excitation is the main cooling mechanism when HH jets move through
molecular material (Gredel 1994; Smith et al. 2003). However, not all HHOs
are detected in the NIR lines of the H2 molecule, mainly because many HHOs
outflows have broken out of their parent molecular clouds and can then move
through material that is mostly atomic. The HH34 jet is an example of an
extremely low-excitation object that has hardly any H2 emission (Stanke,
McCaughrean & Zinnecker 1998). Molecular outflows seen in the millimeter-
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Figure 3.4: A model for the production of OH in molecular clouds associated
with SNRs. A C-type shock is driven into a molecular cloud. The X-ray flux from
the SNR interior induces a weak secondary FUV flux throughout the cloud. The
shock converts atomic and molecular oxygen into water. Once the shocked gas
cools, water is subsequently dissociated to OH and then to O I by the secondary
UV flux.
ett et al. 1999). However, energetic electrons are produced when material
in molecular clouds is ionized by cosmic and X-rays. These electrons colli-
sionally excite H2 into the Lyman α and Werner bands and the subsequent
radiative decay produces a FUV photon capable of dissociating water (War-
dle 1999). Wardle (1999) argued that the X-ray spectrum from the hot gas
in SNRs is softer than that assumed by Lockett et al. (1999). Because the
interaction cross section decreases at high photon energies, a soft spectrum
ionizes more material than a hard spectrum. Wardle (1999) concluded that
the X-ray flux due to bremsstrahlung from the hot gas inside the SNR can
produce a sufficient column of OH behind a C-type shock. An ionization
rate of ζ = 10−16 s−1, will convert roughly 10% of the H2O into OH. Fig-
ure 3.4 illustrates the mechanism for the production of OH necessary for the
formation of 1720 MHz OH masers associated with SNRs.
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Figure 3.4: A model for the production of OH in molecular clouds associated
with SNRs. A C-type shock is driven into a molecular cloud. The X-ray flux from
the SNR interior induces a weak secondary FUV flux throughout the cloud. The
shock converts atomic and molecular oxygen into water. Once the shocked gas
cools, water is subsequently dissociated to OH and then to O I by the secondary
UV flux.
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sionally excite H2 into the Lyman α and Werner bands and the subsequent
radiative decay produces a FUV photon capable of dissociating water (War-
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interaction cross section decreases at high photon energies, a soft spectrum
ionizes more material than a hard spectrum. Wardle (1999) concluded that
the X-ray flux due to bremsstrahlung from the hot gas inside the SNR can
produce a sufficient column of OH behind a C-type shock. An ionization
rate of ζ = 10−16 s−1, will convert roughly 10% of the H2O into OH. Fig-
ure 3.4 illustrates the mechanism for the production of OH necessary for the
formation of 1720 MHz OH masers associated with SNRs.
The resulting picture is then as follows: A SNR drives a shock front into
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Figure 3.4: A model for the producti n of OH in molecular clouds associated
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UV flux.
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Figure 9.1: Illustra ion f Ma er-Emitti g SNR.
The outline of a maser-emitting SNR shell is shown, with NIR molecular emission
from a C-type Shock shown in red and atomic emission from a J-type shock shown
in blue. Distortion of the SNR shell is clearly visible in the molecular and atomic
emission. The masers spots are shown as black dots in a region of the NIR emission.
The region where the 1720-MHz OH masers is excited is blown up to show the details
of the SNR and shock structure.
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wavelength transitions of the CO molecule have been detected towards∼ 30%
of HHOs. The distribution of the CO emission is similar to that of the
associated HH flows and in most cases peaks just upstream of the bright H2
knots (Eislo¨ffel 1997).
So far, it is evident that at least some HHOs have the basic two
ingredients needed for the excitation of 1720-MHz OH masers in SNRs, C-
type shocks and molecular clouds. Magneto-hydrodynamic modelling of the
NIR emission from the HH7 shock (Smith et al. 2003), show the best fit
model to have a pre-shock density of, nH×103 cm−3, a C-type shock velocity
of, v < 55 km s−1 and a magnetic field of, B ∼ 0.1 mG, which is within
the range of values required for the inversion of the 1720-MHz OH masers
in SNRs. However, the geometry of the HH shocks and its interaction with
the surrounding medium is much more complex than that of the SNRs and
I will discuss this in more detail.
Shock Geometry and Morphology
The shocked regions from low-mass protostellar outflows are often observed
as HHOs in optical emission lines and as molecular hydrogen shocks in the
NIR. The optical and NIR emission is detected from the same region and
sometimes show a bow-shaped spatial structure, with the optical emission at
the apex of the bow and the NIR emission in the wings. Currently, the most
successful models for explaining the observed emission from these bow shocks,
are those in which the C-type and J-type shocks are considered together in
a single bow shock model (e.g. Smith et al. 2003; O’Connell et al. 2004).
HH7−11 is an extensively investigated HH outflow, with the HH7
bow shock being the terminal shock of the outflow. Smith et al. (2003) re-
vised their original magneto-hydrodynamic bow shock model (Smith & Brand
1990; Smith, Brand & Moorhouse 1991; Smith 1991a), to successfully explain
the observed optical and NIR emission from the HH7 bow shock. The bow
shock model of Smith et al. (2003), uses a paraboloidal shock geometry that
is split into two regions: the apex of the bow described by a dissociative,
strong J-type shock (responsible for the atomic emission) and the H2 emit-
ting tail described by a C-type shock, where molecules are not dissociated
and excited emission lines can be seen. The excited emission lines from the
tail of the bow are mainly seen from bow wings, due to the effect of limb-
brightening. A schematic of such a bow shock is illustrated in Figure 9.2 on
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page 140, where vbow, is the velocity of the shock at the apex of the bow,
and the velocity vs, is determined locally as the component of the bow speed
transverse to the surface element, where vs = v⊥ = vbow sinα. The dissocia-
tion speed, vdiss, is the shock speed along the bow where the transition from a
dissociative J-type shock to a non-dissociative C-type shock occurs. The bow
shock is modelled as a large number of planar shocks where the component
of the velocity parallel to the shock surface is conserved and the component
perpendicular to the shock surface decreases as the gas is compressed, cre-
ating a ”cocoon” of emission in the NIR behind the apex of the bow. The
observed distribution of NIR emission depends mainly on the shock velocity,
the angle to the line-of-sight and the magnetic field strength and orientation.
For a shock moving transverse to the line-of-sight, the NIR emission in the
wings will have an observed arc like distribution as illustrated in Figure 9.2.
The velocity and excitation temperature both decrease as one moves
away from the apex of a bow shock into the wings, so a wide range of condi-
tions is possible along the shock. As a result the gas behind the shock will
decelerate and cool at a slightly different rate along the shock. From this I
conclude that for a given range of velocities each component of vs along the
bow will reach the same temperature and density but at different distances
from the shock front, and one can expect to see an arc of NIR emission for
a given set of velocities, temperatures and densities, as indicated in black on
the illustration of the bow shock model in Figure 9.2. Considering the three
dimensional paraboloidal structure of the shock, such a region would include
a paraboloidal surface at a certain distance behind the shock front. It is
possible that the required conditions of density and temperature neccessery
to invert the 1720-MHz OH masers, could exist in such a arc-like region for
velocities, vs =∼ 10− 50 km s−1, along the bow surface.
The bipolar outflows from protostars are hardly ever seen transverse
to the line-of-sight and when observed in the millimeter wavelengths of the
CO molecule, bipolar outflow lobes are detected as a blue- and red-shifted
component on either side of the protostellar source. However, the shock
direction depends on the component vs along the surface of the bow, which
is directed towards the axis of the paraboloid of the bow and not the direction
of the bow velocity, vbow at the apex. It therefore seems that whatever the
orientation of the bow shock or outflow, there will always be a component
of vs perpendicular to the bow shock that will also be perpendicular to the
line-of-sight.
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where d is the scale length or the semilatus rectum of the paraboloid
and s determines the shape or opening angle and z is the length along the
axis and R the length measured from the axis of the bow to the wing (Smith
et al. 2003).
The size of the HH7 bow shock is given by 2R ∼ 2103 AU and the
bow shock has a scale length of d = 4.2 × 1015 cm (280 AU). The best fit
model from Smith et al. (2003), that reproduces the observed optical an NIR
emission from the HH7 bow shock, is a model with a resolved cooling length,
an opening angle of s = 2, a pre-shock density of nH2 = 8× 10−3 cm−3, and
a bow velocity of, vbow = 55 km s
−1 at a 30◦ angle to the line-of-sight. The
shock thickness calculated from this model is ∼ 4.2× 1014 cm (28 AU). The
HH7 bow shock is almost half the size of the clump of NIR emission in the IC
443 SNR that produces 1720-MHz OH masers and the total shock thickness
of the NIR emission in HH7 is ∼ 23 times smaller than the column length
required for 1720-MHz OH masers. The total cooling time measured for
HH7 is 70 yr, while the cooling time required from the Lockett et al. (1999)
model for maser-emitting SNRs, is ∼ 120 yr, between the the temperatures
required for 1720-MHz OH masers. An increase in the ion fraction of the gas
or a lower magnetic field will decrease the dissociation speed as well as the
cooling length.
Water Masers
22.2 GHz water masers have been detected towards some HH outflows, while
maser-emitting SNRs have no associated water masers. H2O masers require
higher column densities than those expected for the 1720-MHz OH masers.
H2O masers can also be excited behind a J-type shock with pre-shock densi-
ties of & 3× 106 cm−3 (Elitzur, Hollenbach & McKee 1989). However, none
of the required densities for the production of H2O masers are conducive
for the production of 1720-MHz OH masers and HHOs with associated H2O
masers is not expected to be able to produce 1720-MHz OH masers.
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Figure 3.4: A model for the production of OH in molecular clouds associated
with SNRs. A C-type shock is driven into a molecular cloud. The X-ray flux from
the SNR interior induces a weak secondary FUV flux throughout the cloud. The
shock converts atomic and molecular oxygen into water. Once the shocked gas
cools, water is subsequently dissociated to OH and then to O I by the secondary
UV flux.
ett et al. 1999). However, energetic electrons are produced when material
in molecular clouds is ionized by cosmic and X-rays. These electrons colli-
sionally excite H2 into the Lyman α and Werner bands and the subsequent
radiative decay produces a FUV photon capable of dissociating water (War-
dle 1999). Wardle (1999) argued that the X-ray spectrum from the hot gas
in SNRs is softer than that assumed by Lockett et al. (1999). Because the
interaction cross section decreases at high photon energies, a soft spectrum
ionizes more material than a hard spectrum. Wardle (1999) concluded that
the X-ray flux due to bremsstrahlung from the hot gas inside the SNR can
produce a sufficient column of OH behind a C-type shock. An ionization
rate of ζ = 10−16 s−1, will convert roughly 10% of the H2O into OH. Fig-
ure 3.4 illustrates the mechanism for the production of OH necessary for the
formation of 1720 MHz OH masers associated with SNRs.
The resulting picture is then as follows: A SNR drives a shock front into
36
X-ray Flux
Figure 9.2: Illustration of a HH bow shock movi g perpendicular to the line-of- ight.
The bottom image shows th paraboloidal bow shock with atomic emission from the
J-type shock in blue and the arc-lik , NIR emission from the C-type shock in red.
The top image shows the locations where radiative coolants make their maximum
contribution spread across the bow shock (Smith et al. 2003).I˙n the top image vbow is
the velocity of the shock at the apex of the bow, and vs is determined locally as the
component of the bow speed transverse to the surface element, where vs = v⊥ = vbow
sinα. The dissociation speed, vdiss, is the shock speed along the bow at which the
transition from a dissociative J-type shock to a non-dissociative C-type shock occurs.
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Shock Chemistry
The expected ionization rate typical of dark clouds is ζ ∼ 10−17 s−1, and is
due to the inferred FUV flux from Cosmic-ray ionizations, as discussed in
§ 9.1.1, page 129, and is sufficient to explain the enhanced OH/H2O abun-
dances associated with the molecular gas in the HH54 outflow (Liseau et al.
1996). However, an ionization rate of ζ ∼ 10−17 s−1, will not produce a suffi-
cient column of OH required for the excitation of the 1720-MHz OH masers,
as is provided by the soft X-ray flux from a maser-emitting SNR interior.
Star-forming regions are also associated with X-rays and many proto-
stars that give rise to HHOs are strong emitters of X-ray emission. Magnetic
activity of the protostar is believed to be the origin of the X-rays from low-
mass protostellar sources (Montmerle et al. 2002). The soft X-ray spectra
from low-mass protostars are dominated by Bremsstrahlung emission and the
X-ray luminosities range from LX < 10
28 to 1032 ergs s−1. However, these
objects are almost always embedded in dense molecular clouds and the ab-
sorption of soft X-rays can be very high for embedded objects like protostars,
where column densities can be as high as NH ∼ 1023 cm−2. HHOs are some-
times removed by as much as a few parsecs from their associated protostars
and it does not seem viable that the X-ray emission from low-mass proto-
stars could provide the necessary OH enhancement required for 1720-MHz
OH masers.
High-sensitivity observations form X-ray observatories, Chandra and
XMM Newton also detected X-ray emission toward a number of HH shocks.
The X-ray emission from HHOs show a very soft spectrum with an extended
spatial distribution and originates from a plasma with a temperature of ∼ 106
K. The X-rays are associated with the hottest part of the shock, where atomic
emission from the J-type shock is seen (Pravdo et al. 2001). Around 5 HHOs
have confirmed X-ray detections and the X-ray luminosities of these sources
range between ∼ 1029 and 1030 ergs s−1.
An X-ray ionization rate of , ζ = 4.6× 10−16 s−1, for maser-emitting
SNRs were calculated by Wardle (1999), using a typical luminosity of LX ∼
1036 ergs s−1 and a distance of R = 10 pc which is the distance from the
centre of the SNR (the source of the X-ray emission) to the edge of the SNR.
I used the same calculation as Wardle (1999), but in this case to determine the
maximum distance from the origin of the X-ray emission in HHOs that would
give an ionization rate, ζ = 1× 10−16 s−1 that is sufficient for the production
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of 1720-MHz OH masers. The X-ray properties of the HHOs used in these
calculations, as well as the calculations used and the results obtained are
given in Appendix A. The results from the calculations gave a value of R
between 0.01 pc (2.1× 103 AU) and 0.1 pc (2.1× 104 AU), depending on the
X-ray luminosity of the source. These distances are comparable to the sizes
measured for HH bow shocks, which implies that such a X-ray flux could
provide a sufficient column of OH to the C-type shocks in the wings of a HH
bow shock, similar to the process in maser-emitting SNRs.
9.2 Conclusion
Detailed magneto-hydrodynamic modelling of bow shocks has only been done
for a few HH objects, and even though these models can make predictions of
the physical properties of HH shocks, the parameter space in which these
shocks can occur is extensive, and there are insufficient observations at
present to constrain the parameter space. For the purpose of the discus-
sion in this chapter I mainly looked at the properties of HH7, which is an
example of a bow shaped shock, however, most HHOs have morphologies
that are hard to characterize and modelling of these objects would be even
more difficult. HHOs also differ from SNRs in that milder collisions can create
HHOs within outflows whose ejection velocity varies with time, such that fast
moving material overtakes slower material ejected at an earlier epoch. In the
case of HH7, a very low abundance of H2O is detected and it is believed that
the HH7 shock is propagating through pre-shocked material, where molecules
have been partly destroyed by a previous outflow. With such a wide range of
possible conditions it seems more likely that the restrictive set of conditions
required for the excitation of 1720-MHz OH masers could be found behind
the shock front of a HHO, but this would not be a common occurrence.
A SNR is a large shell of material that expands in all directions,
making it statistically more likely to interact with a molecular cloud of just
the right density. HH jets on the other hand are collimated bipolar outflows,
that cover a fraction of the surface area of a SNR shell, making it statistically
more unlikely to interact with a molecular cloud of just the right density,
required for 1720-MHz OH masers. From my GBT observations, no 1720-
MHz OH maser lines, similar to that seen in SNRs, have been identified
and only a few possible main-line masers have been identified. This result
proves to show that in order to excite the 1720-MHz OH masers requires
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a very narrow range of conditions which is not very likely to occur behind
the shock front of a HHO, and that the OH detected towards HHOs are
mainly associated with the ambient cloud material. The non-detection of
any masers lines using the VLA, was only done for a few sources, and is not
conclusive proof that OH maser emission of the ground-state lines cannot be
excited behind a HH shock. In fact, Argon et al. (2003), detected main-line
OH masers associated with the protostellar outflow from the Turner-Welch
object, and they claim that there could be many more weak OH masers
associated with protostellar outflows. However, the protostellar outflow from
the Argon et al. (2003) paper is associated with a high-mass protostar, while
HHOs are mainly associated with low-mass protostars, and it is likely that the
conditions in the more powerful and larger outflows from high-mass sources
are more conducive to the excitation of the OH ground-state maser lines.
From my calculations of the X-ray ionization rate in HHOs, I have
shown that the X-ray emission detected towards a number of HHOs could
have a significant effect on the shock chemistry and it is important that
the effect of these X-rays be included in future hydrodynamic models of
HHOs. The spatial resolution on current X-rays instruments is not sufficient
to resolve the weak point sources of X-ray emission seen from HHOs and
we are dealing with detections where the peak of the emission lies around
the limit of the capabilities of current instruments. The European Space
Agency (ESA) is currently looking into the construction of a new, large
X-ray observatory called ATHENA (Advanced Telescope for High Energy
Astrophysics). Such an instrument could in future detect X-ray emission





The X-ray properties of HHOs with confirmed X-ray emission are listed in
Table A.1. For each HHO, the observed energy range of the detected X-rays
in keV, the temperature of the plasma, TX in MK, the hydrogen column
density NH in cm
−2, as well as the X-ray luminosity in units of ergs s−1 are
listed. To produce an OH column necessary for 1720-MHz OH masers, the
X-rays should be able to dissociate enough water molecules behind the C-
type shock of the HHO. The X-ray induced ionization rate in the gas should
be ζ ∼ 10−16 s−1 (Wardle 1999). The X-ray ionization rate is estimated from
the total X-ray luminosity of the HHO, provided that the hydrogen column
density is NH . 1022 cm−2, using;
ζ = NeσFX (A.1)
where Ne ≈ 30 keV−1 is the mean number of primary and secondary
electrons generated by the absorption of unit energy deposited by X-rays,
σ ≈ 2.6 × 10−22 cm2 is the photo-absorption cross section per hydrogen
nucleus at 1 keV, and FX is the X-ray luminosity at a distance R from the
source of the X-ray emission, given by;
FX = LX/4piR
2 (A.2)
Considering a HHO with a bow shock geometry, what we want to
determine, is if the X-ray flux produced at the apex of a bow shock would
provide a sufficient ionization rate in the wings of the bow shock for pro-
duction of 1720-MHz OH masers. In order to do this I calculate the max-
imum distance Rmax, as the distance at which the ionization rate would be
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The distance Rmax, calculated for each of the HHOs with confirmed
X-ray emission, are listed in Table A.1. These HHOs have X-ray luminosities
between LX = 1.1 − 450 × 1029 ergs s−1 and the calculated distance Rmax,
range between ∼ 0.01− ∼ 0.1 pc.
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